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ABSTRACT
A m e th o d  o f  m e a s u r in g  th e  a d h e s io n  o f  t h i n  
m e t a l l i c  f i lm s  d e p o s ite d  on th e  s u r fa c e  o f  v a r io u s  
m a t e r ia ls  i s  s t u d ie d .  The m echan ism  o f  t h i s  m e th od  
i s  e xa m in e d , b o th  e x p e r im e n ta l ly  and t h e o r e t i c a l l y ,  
and i t  i s  fo u n d  t h a t  an a b s o lu te  v a lu e  o f  a d h e s io n  
can  be o b ta in e d *
U s in g  t h i s  m e th o d , th e  a d h e s io n  o f  m e ta l f i lm s  
d e p o s ite d  b y  vacuum  te c h n iq u e s  on g la s s  i s  in v e s t ig a t e d  
and i t  i s  fo u n d  t h a t  th e  a d h e s io n  depends upon  a num ber 
o f  f a c t o r s ,  su ch  as th e  a f f i n i t y  o f  t h e  m e ta l f o r  oxyg e n  
and th e  s t r u c t u r e  o f  th e  m e ta l f i l m .  The e f f e c t  on th e  
a d h e s io n  o f  th e  n a tu r e  and p re s s u re  o f  th e  r e s id u a l  gas
i s  exa m in e d  as w e l l  as th e  f i l m  s t r u c t u r e .  The
a d h e s io n  o f  m e ta l f i l m s  t o  c r y s t a l  fa c e s  and th e  s u r fa c e s
o f  p l a s t i c s  i s  a ls o  in v e s t ig a t e d .
CHAPTER 1
THE ADHESION OP THIN FILMS
1 • I n t r o d u c t lo n
The use s  o f  a t h i n  f i l m  o f  m a t e r i a l ,  d e p o s ite d  
b y  vacuum  te c h n iq u e ,  o n  a s u r fa c e  have grow n e n o rm o u s ly  
o v e r  th e  l a s t  tw e n ty  y e a rs  b o th  i n  i n d u s t r y  and i n  r e s e a r c h .  
The c o m m e rc ia l u s e s  o f  th e s e  t h i n  f i lm s  f o r  f r o n t  s u r fa c e  
m i r r o r s , m e t a l l i z e d  p l a s t i c s ,  le n s  b lo o m in g ,  and c o n d u c t in g  
g la s s  v d n d o w s , a re  w e l l  e s t a b l is h e d .  I n  r e s e a r c h ,  
in t e r f e r e n c e  f i l t e r s ,  p r i n t e d  c i r c u i t s  and i n f r a - r e d  
d e t e c t io n  a re  a fe w  o f  th e  m any t o p ic s  w h ic h  s u c c e s s f u l ly  
e m p lo y  th e s e  t h i n  f i l m s .  N e e d le s s  to  s a y ,  t h i s  I n c r e a s in g  
use  has been  a t te n d e d  b y  much w o rk  on  th e  p h y s ic a l  n a tu re  
and p r o p e r t ie s  o f  t h i n  f i l m s .  H ow ever, one o f  t h e i r  m a in  
p r o p e r t ie s ,  th e  a d h e s io n  to  th e  s u r fa c e  on  w h ic h  t h e y  a re  
d e p o s ite d ,  a p p e a rs  t o  have  been  n e g le c te d .  I n  p r a c t i c e ,  
p ro b le m s  o f  a d h e s io n  ha ve  be en  t r e a t e d  i n  an e m p ir ic a l  
m anner b a se d  on e x p e r ie n c e  and t h i s  ^ f o l k - l o r e *  ha s  been 
a c c e p te d  w i th o u t  q u e s t io n .
A ro n ^  s t a t e s  t h a t  th e  a d h e s io n  o f  m e t a l l i c  f i lm s  
t o  le a d  g la s s  i s  o n ly  m o d e ra te , # ie r e a s  i t  im p ro v e s  on
b o r o s l l i c a t e  g la s s  and i s  b e t t e r  s t i l l  o n  c e l l u l o i d ,  f i b r e s ,  
g e la t i n e  and b a k e l i t e .  W i l l ia m s  and B a cku s^  have  sh o im  
t h a t  th o s e  m e ta ls  # i i c h  r e a d i l y  fo rm  o x id e s ,  su ch  as 
ch ro m iu m  and a lu m in iu m , a d h e re d  s t r o n g ly  t o  g la s s ,  T ^h lle  
th e  n o b le  m e ta ls ,  g o ld  and s i l v e r ,  d id  n o t .  I t  i s  a ls o  
knoym f ro m  g e n e r a l e x p e r ie n c e  t h a t  d i e l e c t r i c  f i lm s  on 
g la s s  and m e ta l f i lm s  on m e ta ls  have  a h ig h  a d h e s io n .  On 
th e  o th e r  h a n d , th e  a d h e s io n  o f  m e ta l f i lm s  t o  p l a s t i c i z e d  
p l a s t i c s  i s  u s u a l l y  p o o r a n d , th o u g h  th e  m e ta ls  w h ic h  
r e a d i l y  fo rm  o x id e s  a g a in  te n d  t o  have  a g r e a t e r  a d h e s io n , 
th e  a d h e s io n  i s  r a r e l y  c o m p a ra b le  t o  t h a t  re a c h e d  on g la s s  
o r  m e ta l .
2 • T h e o r ie s  o f  A d h e s io n
I n  t h i s  d is c u s s io n  we c o n s id e r  th e  a d h e s io n  
b e tw e e n  tw o  s o l i d  ph a se s  w h ic h  may be d e f in e d  as th e  s t r e n g th  
o f  b in d in g  b e tw e e n  th e  tw o  p h a s e s . The a d h e s io n  ?Æ11 
d e pe nd  on th e  ty p e  o f  b in d in g  a t th e  in t e r f a c e  w h ic h ,  i n  
t u r n ,  w i l l  depend o n  th e  n a tu r e  o f  th e  f i l m  and th e  s u b s t r a te .  
The ty p e s  o f  b ond  w h ic h  c o u ld  p ro m o te  a d h e s io n  b e tw e e n  tw o  
ph ase s  a re  v a n  d e r  W aa ls* f o r c e s ,  e l e c t r i c a l  f o r c e s ,  and 
c h e m ic a l b o n d s . % e t h e r  a s u b s t r a te  i s  am orphous o r  
c r y s t a l l i n e ,  th e  s t r u c t u r e  o f  th e  s u r fa c e  i s  d i f f e r e n t  f ro m  
t h a t  o f  th e  b u lk  m a t e r i a l .  I n  th e  b u lk  m a t e r i a l  th e  atom s
are b o un d  on a l l  s id e s  b u t  a t  th e  s u r fa c e  th e  atom s do  n o t  
have th e  f u l l  c o - o r d in a t io n  and t h e r e f o r e  th e  s u r fa c e  
e x h ib i t s  a s t r o n g  a t t r a c t i v e  f o r c e .
The s t r u c t u r e  o f  a m e ta l f i l m  d e p o s ite d  on  a 
s a r fa c e  i s  fu n d a m e n ta l ly  r e l a t e d  t o  th e  a d h e s iv e  fo r c e s  
a c t in g  b e tw e e n  th e  c o n d e n s in g  m e ta l atom s and th e  s u r f a c e .
I f  th e  a d h e s iv e  f o r c e s  b e tw e e n  th e  c o n d e n s in g  atom s and 
t i e  s u r fa c e  a re  h ig h ,  th e n  an atom  i n  c o n ta c t  w i t h  th e  
s u r fa c e  w i l l  have a lo w e r  e n e rg y  th a n  one i n  c o n ta c t  o n ly  
w i th  a tom s o f  i t s  own k in d  and n o t  i n  d i r e c t  c o n ta c t  v d th  
th e  s u r fa c e  and a m o n o la y e r o f  atom s w i l l  be fo rm e d . As 
th e  th ic k n e s s  o f  th e  f i l m  in c r e a s e s ,  t h i s  m o n o la y e r  w i l l  
te n d  t o  b u i l d  u p  as a c o n t in u o u s  s t r u c t u r e .  H o w e ve r, i f  
th e  a tom s have s u f f i c i e n t  m o b i l i t y  t o  re a c h  th e  p o s i t io n s  
c f  m in im um  p o t e n t i a l  e n e rg y ,  th e  s u r fa c e  w i l l  ha ve  a s t r o n g  
in f lu e n c e  on th e  a rra n g e m e n t o f  th e  f i r s t  la y e r  o f  th e  f i l m .
I f  th e  f o r m a t io n  o f  a m o n o la y e r  i s  re g a rd e d  as a d d in g  atom  
to  a tom , i t  w o u ld  be p o s s ib le  f o r  th e s e  d e p o s i t  atom s to  
ta k e  u p  th e  same p o s i t io n s  as w o u ld  a tom s b e lo n g in g  t o  th e  
same s u b s ta n c e  as th e  s u b s t r a t e .  Thus th e  m o n o la y e r  may 
be h o m o g e n e o u s ly  d e fo rm e d  t o  f i t  th e  s u r fa c e  and v a n  d e r  
M erwe^ s u g g e s te d  t h a t  t h i s  m o n o la y e r  w o u ld  be a s u i t a b le  
f o u n d a t io n  f o r  th e  d e p o s i t io n  o f  s i m i l a r l y  o r ie n te d  s u c c e s s iv e  
la y e r s  and an a d h e re n t o r ie n te d  o v e rg ro w th  w o u ld  be b u i l t  u p .
On th e  o th e r  h a n d , i f  th e  a d h e s iv e  fo r c e s  a re  w eak, th e  
c o n d e n s in g  atoms w i l l  h a ve  a s t r o n g  a t t r a c t i o n  f o r  one 
a n o th e r  and w i l l  te n d  t o  move o v e r  th e  s u r fa c e  to  fo rm  a 
s m a ll num ber o f  n u c le a t in g  c e n t re s  fro m  i ; h ic h  th e  f i l m  w i l l  
b u i l d  up  v d th  an a g g re g a te d  s t r u c t u r e .
A p p le y a rd '^  has s u g g e s te d  as a c r i t e r i o n  f o r  th e  
f i l m  s t r u c t u r e  t h a t  th e  m e ta l w o u ld  fo rm  a c o n t in u o u s  
s t r u c t u r e  i f  th e  l a t e n t  h e a t  o f  e v a p o r a t io n  o f  th e  m e ta l 
atom fro m  th e  s u b s t r a te  s u r fa c e  ( L )  was g r e a te r  th a n  th e  
l a t e n t  h e a t o f  e v a p o r a t io n  o f  th e  m e ta l atom  fro m  a s u r fa c e  
o f  th e  m e ta l i t s e l f  ( I ^ )  . H ow ever, i f  L <  L ^ ,  th e n  th e  
m e ta l w rould fo rm  an a g g re g a te d  s t r u c t u r e .  T h is  im p l ie s  
t h a t  th e  f i l m  s t r u c t u r e  will be a g g re g a te d  w h e n e ve r th e  
c o h e s iv e  e n e rg y  o f  th e  f i l m  m a t e r ia l  i s  g r e a te r  th a n  th e  
a d h e s iv e  e n e rg y .  The l a t e n t  h e a ts  o f  e v a p o r a t io n  o f  
m e ta ls  fro m  v a r io u s  s u r fa c e s  a re  n o t  r e a d i l y  a v a i la b le ;
5
h o w e v e r, L e v in s te in  has shown t h a t  th e  f i l m  s t r u c t u r e  can 
be c o r r e la t e d  t o  th e  m e l t in g  p o in t  o f  th e  m e ta l f ro m  w rh ich 
i t  i s  d e p o s ite d .  I t  was showrn t h a t  f i lm s  fo rm e d  fro m  
h ig h  m e l t in g  p o in t  m e ta ls  c o n s is te d  o f  m ic r o c r y s ta ls  w i t h  
no s p e c i f i c  o r i e n t a t i o n ,  w h e re a s  f i lm s  fo rm e d  fro m  lo w  
m e l t in g  p o in t  m e ta ls  had a p r e f e r e n t i a l l y  o r ie n t a t e d  
s t r u c t u r e  o f  la r g e  c r y s t a l s .
R h o d ln ^ , s tu d y in g  th e  d e g re e  and ty p e  o f  
o r i e n t a t i o n  p re s e n t  i n  t h i n  a lu m in iu m  f i lm s  fo rm e d  on 
i o n i c  s u b s t r a t e s ,  has  exa m in ed  th e  r e l a t i o n s h ip  b e tw e e n  
th e  a d h e s iv e  e n e rg y  and th e  o r i e n t a t i o n .  The a d h e s iv e  
e n e rg y  wras f i r s t  e s t im a te d  e x p e r im e n t a l l y  b y  c o n s id e r in g  
a beam o f  m e ta l v a p o u r  d i r e c t e d  a t  a h e a te d  s u b s t r a t e .
F o r  a g iv e n  v a p o u r  p re s s u re  th e r e  was a c r i t i c a l  s u b s t r a te  
te m p e ra tu re  b e lo w  w h ic h  c o n d e n s a t io n  o c c u r re d  b u t  above 
w h ic h  c o n d e n s a t io n  d id  n o t  o c c u r  and a n y  co n d e n se d  m e ta l 
atom s w e re  r e - e v a p o r a te d . The r e l a t i o n s h ip  b e tw e e n  th e
v a p o u r p re s s u re  and th e  c o r re s p o n d in g  c r i t i c a l  s u b s t r a te  
te m p e ra tu re  c o u ld  be e x p re s s e d  as
- A
p s= c .e
w here  p i s  th e  p re s s u re  o f  th e  m e ta l v a p o u r ,  e l s  a c o n s ta n t  
I n s e n s i t i v e  t o  te m p e r a tu r e , T i s  th e  a b s o lu te  te m p e ra tu re  
o f  th e  s u b s t r a t e ,  and A i s  an e n e rg y  te rm  c h a r a c t e r i s t i c  o f  
th e  f i l m  and s u b s t r a t e .  By v a r y in g  th e  s u b s t r a te  te m p e ra tu re  
and f i n d in g  th e  c o r re s p o n d in g  v a p o u r  p re s s u re  f o r  c o n d e n sa ­
t i o n ,  a v a lu e  o f  A c o u ld  be o b ta in e d  f o r  e a ch  f i lm - s u b s t r a t e  
p a i r .
The te rm  A was e x p re s s e d  as th e  sum o f  two
com ponen ts
A = E 4- A
w here  E i s  th e  a d h e s iv e  e n e rg y  b e tw e e n  th e  f i r s t  la y e r  o f  
th e  f i l m  and th e  s u b s t r a t e  and A i s  t h e  c o h e s iv e  e n e rg y  
i n  t h i s  f i r s t  l a y e r *  B y  e s t im a t in g  A , R h o d in  fo u n d  th e  
a d h e s iv e  e n e rg y ,  E , f o r  ea ch  f i lm - s u b  s t r a t e  p a i r *
I n  an a t te m p t  t o  e x p la in  th e  a d h e s iv e  e n e rg y  
fo u n d -e x p e r im e n t  a l l y  f o r  each f i l m -  s u b s t r a te  p a i r ,  R h o d in  
c o n s id e re d  th e  fo r c e s  a t  th e  in t e r f a c e  t o  be s im i l a r  t o  
a d s o r p t io n  f o r c e s  e x e r te d  on  a gas b y  an a d s o rb in g  m ed ium . 
The r e l a t i v e  m a g n itu d e  and n o n - s p e c i f i c  n a tu r e  o f  th e  
a d h e s io n  s u g g e s te d  v a n  d e r  W a a ls * a d s o r p t io n  f o r c e s .
The a d s o r p t io n  e n e rg y  betwreen an a tom , i ,  and 
an a d s o rb in g  m edium  o f  io n s ,  k ,  -H tiich r e s u l t s  f ro m  va n  d e r
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W aa ls* a d s o r p t io n  f o r c e s ,  i s  g iv e n  b y  London  as
E
w here  a^  ^ and a^ a re  th e  p o l a r i z a b i l i t i e s  o f  th e  atom  and 
th e  s u b s t r a te  I o n  r e s p e c t i v e l y ,  and a re  th e  c h a r a c te r ­
i s t i c  e n e rg ie s  o f  th e  atom  and th e  io n  r e s p e c t i v e ly ,  N i s  
th e  number o f  io n s  p e r  u n i t  a re a  o f  th e  s u b s t r a te ,  and d 
i s  t h e  d is ta n c e  o f  th e  atom fro m  th e  s u r fa c e  o f  th e  s u b s t r a te
R h o d in  b a s e d  h is  t h e o r e t i c a l  c a l c u la t i o n  o f  
a d h e s iv e  e n e rg y  on  t h i s  e x p r e s s io n  a n d , th o u g h  a num ber o f
a p p ro x im a t io n s  wrere made, i t  was shown t h a t  t h e r e  was a 
good ag reem en t b e tw e e n  th e s e  t h e o r e t i c a l  v a lu e s  and t h e  
e x p e r im e n ta l w o rk .  I t  was a ls o  shoTWi t h a t  th e  d e g re e  o f  
o r i e n t a t i o n  i n  an a lu m in iu m  f i l m  w i t h  r e s p e c t  t o  th e  
s u b s t r a te  c o u ld  be c o r r e la t e d  to  th e  a d h e s iv e  e n e rg y  
c h a r a c t e r i s t i c  o f  th e  s u b s t r a t e .
Q
A c o n t r i b u t i o n  f r o m  R u s s ia  b y  D er y  a g in  and o th e r s  
c la im s  a new e l e c t r i c a l  t h e o r y  f o r  th e  s o lu t i o n  o f  p ro b le m s  
o f  a d h e s io n .  T he y  sup po se  t h a t  when tw o  b o d ie s ,  e i t h e r  
m e ta l o r  n o n - c o n d u c t in g ,  a re  b ro u g h t  i n t o  c o n ta c t  an 
e l e c t r i c  d o u b le  la y e r  w o u ld  be s e t  u p  a t  th e  b o u n d a ry  so 
t h a t  p o s i t i v e  c h a rg e s  w o u ld  be d i s t r i b u t e d  o v e r  one s id e  
o f  th e  b o u n d a ry  and n e g a t iv e  c h a rg e s  o v e r  th e  o th e r  s id e .  
Thus a c e r t a i n  p o t e n t i a l  d i f f e r e n c e  w o u ld  be s e t  up  a c ro s s  
th e  b o u n d a ry  w h ic h  may be a f r a c t i o n  o f  a v o l t  o r  s e v e r a l  
v o l t s ,  d e p e n d in g  on th e  n a tu r e  o f  th e  t'WTo ph ase s  and th e  
t r a n s f e r  o f  c h a rg e  b e tw e e n  th e m . .
T h e ir  e x p e r im e n ta l  m e th o d  o f  m e a s u r in g  th e  
e l e c t r i c a l  f o r c e s  o f  a d h e s io n  i s  n o t  p r a c t ic a b le  i n  th e  
case  o f  vacuum  d e p o s ite d  f i lm s  as t h e  f i l m  has  to  be 
s t r ip p e d  f ro m  th e  s u b s t r a te  w i t h o u t  f r a c t u r e .  H o w e ve r, 
i t  i s  i n t e r e s t i n g  t o  c o n s id e r  th e  s u g g e s te d  t h e o r y  b e h in d  
th e  m e th o d .
8^ e n  th e  a d h e r in g  f i l m  c a n  be s t r ip p e d  q u ic k l y  
f ro m  th e  s u r fa c e  o f  th e  s u b s t r a te  so t h a t  s e p a r a t io n  o c c u rs  
a t  th e  b o u n d a ry , th e  c h a rg e s  o f  any d o u b le  la y e r  w o u ld  be 
s e p a ra te d  i n  th e  p r o c e s s . As th e  s e p a r a t io n  p ro c e e d s  th e  
p o t e n t i a l  d i f f e r e n c e  b e tw e e n  th e  f i l m  and th e  s u r fa c e  
w o u ld  in c r e a s e  i n  p r o p o r t io n  to  th e  d is ta n c e ,  h ,  b e tw e e n  
th e m , th e  p o t e n t i a l  d i f f e r e n c e  b e in g  l i m i t e d  o n ly  b y  th e  
o n s e t o f  an e l e c t r i c a l  d is c h a rg e  i n  th e  gap . The ty p e  o f  
d is c h a rg e  w o u ld  depend  o n  th e  s u r ro u n d in g  gas p re s s u re ,  p .  
P ro v id e d  th a t  th e  gas p re s s u re  was n o t  to o  lo w ,  d i s r u p t i v e  
d is c h a rg e  w o u ld  o c c u r .
A ssum ing  P a sch e n *s  la w  o f  gas d is c h a r g e ,  th e  
d is c h a rg e  p o t e n t i a l ,  V , and th e  s e p a r a t io n  a t  d is c h a r g e ,  
h ^ ,  c o u ld  be c a lc u la t e d  i f  th e  c h a rg e  d e n s i t y  p e r  u n i t  
a re a , d " , f o r  th e  e l e c t r i c  d o u b le  la y e r  was know n . I n  
t h i s  w a y , th e  am ount o f  ^nork, A, in v o lv e d  i n  s e p a r a t in g  
th e  f i l m  f ro m  th e  s u b s t r a te  a g a in s t  e l e c t r i c a l  a t t r a c t i o n  
c o u ld  be d e te rm in e d  fro m  th e  e x p r e s s io n ;
A =  271 <5'^h^ =  - é X
^  2
I t  was fo u n d  t o  be d i f f i c u l t  t o  deduce  th e  v a lu e s  
f o r  <5^  and e q u a l ly  d i f f i c u l t  t o  m easu re  th e m . T h e re fo re  
Der y a g in  u s e d  P aschen* s la w  to  p r e d i c t  th e  w ay i n  ^ h ic h  
th e  d is c h a r g e  g a p , and t h e r e f o r e  th e  w o rk  p e r  u n i t  a re a .
v a r ie d  i,id.th th e  n a tu r e  and p re s s u re  o f  th e  s u r ro u n d in g  g a s . 
The v a lu e s  o f  th e  io n i s in g  p o t e n t i a l s ,  V , w e re  o b ta in e d  b y  
e x p e r im e n t on a d is c h a rg e  tu b e  a t v a r io u s  p r e s s u r e s .  
S e le c t io n  o f  a s u i t a b le  v a lu e  f o r  6" gave v a lu e s  o f  A 
w h ic h  w ere  i n  good a g re e m e n t i d t h  th e  v a lu e s  fo u n d  b y  
a c t u a l l y  s t r i p p in g  th e  f i l m  f ro m  th e  s u b s t r a t e .
T h e re  have  been some o b je c t io n s  t o  t h i s  new 
th e o r y ,  p r i n c i p a l l y  w hy  th e  b re a kd o w n  ta k e s  p la c e  a t th e  
d o u b le  l a y e r  and n o t  a c o h e s iv e  b re a k  a t some weak p o in t  
i n  th e  f i l m  m a te r i  a l ,  e s p e c ia l l y  ^ihen th e  d o u b le  la y e r  h a s ,  
i n  many c a s e s , th e  s t r e n g th  o f. a s t r o n g  c h e m ic a l b o n d . 
D e ry a g in  e x p la in e d  t h i s  b y  c o n s id e r in g  tw o  d i f f e r e n t  
m echan ism s i n  re m o v in g  th e  f i l m .  I f  th e  b re a kd o w n  
o c c u r re d  s im u lta n e o u s ly  o v e r  th e  w h o le  c o n ta c t  a re a ,  th e  
a p p l ie d  s t r e s s  w o u ld  be th e  s i g n i f i c a n t  f a c t o r  and th e  
b re a k  w o u ld  a r is e  a t  th e  w e a k e s t a re a  u n d e r th e  g iv e n  lo a d .  
On th e  o th e r  h a n d , i f  t h e  b re a k  o c c u r re d  b y  p e e l in g ,  th e  
s i g n i f i c a n t  f a c t o r  w o u ld  be th e  amount o f  w o rk  in v o lv e d  
i n  th e  p ro c e s s  and t h i s  m ay be c o n s id e r a b ly  m ore  th a n  th e  
m in im um  p o s s ib le .  T h u s , th e  p r i n c i p l e  o f  l e a s t  r e s is ta n c e  
w o u ld  no lo n g e r  h o ld  g o o d .
The id e a  o f  e l e c t r i c a l  phenom ena p la y in g  a m a jo r  
r o le  i n  adhe s i  on ha s  b e en  c o n s id e re d  b y  o th e r  w o rk e rs ,  f o r  
e x a m p le , S k in n e r ,  Savage and R u tz le r ^  i n  d e a l in g  w i t h
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m e ta l- p o ly in e r  a d h e s io n .  B r i e f l y ,  th e  m echan ism  s u g g e s te d  
h e re  was th e  m ig r a t io n  o f  th e  e le c t r o n  gas i n  th e  m e ta l 
i n t o  th e  c o n d u c t io n  bands o f  th e  p o ly m e r .  The p o t e n t i a l  
b a r r i e r  a t th e  c o n ta c t  o f  t h e  tTO ph ase s  w o u ld  be 
c o n s id e r a b ly  re d u c e d  and a la r g e  num ber o f  e le c t r o n s  w o u ld  
be a b le  t o  m ig r a te  even a t room  te m p e ra tu re .  T h is  e le c t r o n  
c lo u d  w o u ld  re m a in  v e r y  c lo s e  to  th e  I n t e r f a c e  o^wing t o  th e  
p o s i t i v e  c h a rg e  now assumed b y  th e  m e ta l .
T h is  c o n c e p t  o f  e l e c t r i c a l  a d h e s io n  fo r c e s  has 
b e e n  u s e d  to  e x p la in  th e  r e s u l t s  o f  w o rk  o n  th e  p r o p e r t ie s  
o f  t h i n  u n s u p p o r te d  f i l m s .  M e ls s n e r^ ^  fo u n d  th e  a d h e s io n  
f o r c e s  i n  th e s e  u n s u p p o r te d  f i lm s  in c r e a s e d  r a p i d l y  T i l th  
d e c re a s in g  th ic k n e s s  b e lo w  a c r i t i c a l  t h ic k n e s s  o f  0 .2 5 ; i .
A f i l m  o f  any s u b s ta n c e  w h ic h  h a d  a th ic k n e s s  le s s  th a n  
0.25p. a d h e re d  on  c o n ta c t  w i t h  a m e t a l l i c  s u r fa c e  and a f t e r  
c o n ta c t  had  been  made on one s id e  o f  th e  f i l m ,  no a d h e s io n  
was o b ta in e d  to  a seco nd  m e ta l s u r fa c e  b ro u g h t  up  t o  th e
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o th e r  s id e  o f  th e  f i l m .  S k in n e r  e t  a l .  s u g g e s te d  t h a t  
c o n ta c t  w i t h  th e  f i r s t  m e ta l s u r fa c e  w o u ld  e s t a b l i s h  an 
a tm o sp h e re  o f  e le c t r o n s  i n  th e  f i r s t  p o r t io n s  o f  th e  f i l m  
w h ic h  came i n  c o n ta c t  th u s  d ra w in g  up  th e  re m a in d e r  o f  th e  
f i l m  t o  th e  m e ta l s u r fa c e .  T h is  w o u ld  o c c u r  i f  th e  
t h ic k n e s s  o f  th e  f i l m  was n o t  so g re a t  as t o  r e q u i r e  fo r c e s  
g r e a te r  th a n  th o s e  p r o v id e d  b y  th e  e le c t r o n  a tm o s p h e re .
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The a tm o sp h e re  w o u ld  be e s ta b l is h e d  I n  th e  w h o le  f i l m  
g i v in g  c o m p le te  a d h e re n c e . Any se co n d  m e ta l s u r fa c e  
a p p ro a c h in g  fro m  th e  o th e r  s id e  w o u ld  e n c o u n te r  a space 
c h a rg e  f i l l e d  a d h e s iv e  f i l m  and w o u ld  s u f f e r  a m i ld  
e l e c t r o s t a t i c  r e p u ls io n .  Thus th e r e  w o u ld  be no a d h e s io n .
The a u th o r  c o n s id e rs  t h a t  t h e r e  may be o th e r  
e x p la n a t io n s  f o r  th e  la r g e  a d h e s io n  f o r c e s  o b s e rv e d  i n  
th e s e  u n s u p p o r te d  f i lm s  a t  s m a l l  t h ic k n e s s e s .  A m e ta l 
s u r fa c e ,  no m a t te r  how  sm o o th , w i l l  h a ve  s m a l l  s c a le  
a s p e r i t i e s ^ ^ . ^^Then t h i s  s u r fa c e  i s  b ro u g h t  i n t o  c o n ta c t  
^ "d th  a t h i n  u n s u p p o r te d  f i l m  one o f  tw o t h in g s  c a n  h a p p e n .
I f  th e  f i l m  re m a in s  r i g i d  th e n  c o n ta c t  b e tw e e n  th e  f i l m  
and th e  m e ta l s u r fa c e  T td l l  o c c u r  a t  t h e  h ig h  s p o ts  and th e  
a d h e s io n  w i l l  be w e a k . On th e  o t h e r  h a n d , i f  th e  
u n s u p p o r te d  f i l m  i s  f l e x i b l e ,  i t  T id l l  be d e fo rm e d  to  
c o n to u r  th e  m e ta l s u r fa c e  and th e  e n s u in g  s t r o n g  a d h e s io n  
w i l l  be due t o  s u r fa c e  t e n s io n .  T h is  change b e tw e e n  a 
r i g i d  and a f l e x i b l e  f i l m  c o u ld  o c c u r  a t  t h i s  c r i t i c a l  
t h ic k n e s s  o f  0 .25 ju  a n d , o f  c o u rs e ,  as th e  f i l m  becom es 
t h in n e r  so i t s  a b i l i t y  t o  c o n to u r  th e  s u r fa c e  w i l l  in c re a s e , 
and th e  a d h e s io n  fo r c e s  w i l l  become s t r o n g e r .  I t  f o l lo w s  
t h a t  once an u n s u p p o r te d  f i l m  i s  b o u n d  to  a m e ta l s u r fa c e  
b y  s u r fa c e  t e n s io n ,  i t  c a n n o t be d e fo rm e d  to  c o n to u r  a 
se co n d  m e ta l s u r fa c e  b ro u g h t  u p  o n  th e  o p p o s ite  s id e  o f  th e  
f i l m  and , h e n c e , t h e r e  'm i l l  be l i t t l e  a d h e s io n  to  t h i s  m e ta l
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s u r fa c e  s in c e  once a g a in  c o n ta c t  w i l l  o c c u r  o n ly  a t  th e  
h ig h  s p o ts .
F i n a l l y ,  t h e r e  i s  th e  c h e m ic a l p i c t u r e  o f
a d h e s io n .  H ere  i t  i s  assum ed t h a t  th e  a d h e s io n  o f  th e
tw o m a t e r ia ls  i s  p r i m a r i l y  a f o r m a t io n  o f  new  c h e m ic a l 
12b o n d s . W ey l u se s  t h i s  id e a  i n  h i s  c l a s s i f i c a t i o n  o f
th e  f o r c e s  o f  a d h e s io n  a c t in g  on  a g la s s  o r  c r y s t a l  s u r fa c e .
The fo r c e s  can  be d iv id e d  i n t o  t h r e e  c la s s e s .  F i r s t l y ,
th e  a d h e s io n  due t o  th e  c o n t in u a t io n  o f  th e  g la s s  o r  c r y s t a l
s t r u c t u r e  ^ ^ i th  o th e r  b u i l d i n g  u n i t s .  H e re  th e  fo r c e s
e n d e a v o u r to  c o n t in u e  th e  s u r fa c e  s t r u c t u r e . I f  th e  same
b u i l d in g  u n i t s  a re  n o t  a v a i l a b le ,  th e  s t r u c t u r e  may be
c o n t in u e d  b y  o th e r  c o m p a t ib le  u n i t s .  S e c o n d ly ,  th e
c o n t in u a t io n  o f  th e  g la s s  o r  c r y s t a l  s t r u c t u r e  b y  an
in te r m e d ia te  o x id e  l a y e r .  The t h i r d  and f i n a l  c la s s  i s
b a se d  o n  a d i f f e r e n t  p r i n c i p l e .  ^% ere  no o x id e  f i l m  i s
fo rm e d , an i o n i c  s u b s ta n c e  may a d h e re  to  a m e ta l b y  * m i r r o r
f o r c e s * .  H e re  W ey l b a se s  h is  a rg u m e n ts  o n  th e  c la s s ic a l
13p o la r i z a t i o n  t h e o r y  o f  F a jans . The s t r u c t u r e  o f  a m e ta l 
i s  s u c h  t h a t  i t  i s  a h i g h l y  p o la r i z  a b le  s y s te m . On th e  
a p p ro a c h  o f  a c h e c k e re d  p o s i t i v e  and n e g a t iv e  s u r fa c e  a 
c o r re s p o n d in g  c h e c k e re d  p a t t e r n  o f  th e  o p p o s ite  s ig n  i s  
in d u c e d  i n  th e  m e ta l .  The m e ta l ,  b e in g  n e u t r a l  i n  i t s e l f
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b u t  h i g h l y  p o la r i z a b le ,  c a n n o t e x e r t  s t r o n g  fo r c e s  o f  i t s  
own b u t  i t  w i l l  m i r r o r  th e  fo r c e s  e m a n a tin g  f ro m  th e  i o n i c  
s u r fa c e .  I f  th e s e  f o r c e s  a re  s t r o n g  th e n  th e  a d h e s io n  
w i11 be s t r o n g .
B a te s o n ^ ^  has u s e d  th e  se co n d  o f  th e  above c la s s e s  
t o g e th e r  w i t h  W ey l * s c o n c e p t io n  o f  th e  p h y s ic a l  n a tu re  o f  a 
g la s s  s u r fa c e ^ b  i n  an a t te m p t t o  e x p la in  th e  a d h e s io n  o f  
m e ta l f i l m s  t o  g la s s .
The b a s ic  p r i n c i p l e  g o v e rn in g  th e  s t r u c t u r e  o f  
g la s s  i s  t h a t  t h e  io n  i s  a lw a y s  s u r ro u n d e d  b y
p r e c is e ly  f o u r  o xyg e n  io n s .  Each o xyg e n  io n  i s  on th e  
a ve ra g e  s h a re d  b y  t w  s i l i c o n  io n s .  ^ e y l  s u g g e s te d  t h a t  
when a p ie c e  o f  g la s s  was f r a c t u r e d ,  c r e a t in g  tw o  f r e s h  
s u r fa c e s ,  an e q u a l num ber o f  u n i t s ,  e i t h e r  in d th  an 
u n c o - o r d in a te d  o xyg e n  i o n  o r  m in u s  an o x y g e n  io n ,  w u l d  
re m a in  on e a c h  s id e  o f  th e  f r a c t u r e .  These u n i t s  T O u ld  
make u p  a n e u t r a l  la y e r  o f  s t r u c t u r a l  u n i t s
[si4+(io2-)^  0^-]- [si4+(*0^ -)g] +
E u n i t  D u n i t
E xce ss  o f  oxyg e n  D e f i c ie n t  i n  o xyg e n
I n  th e  D u n i t ,  th e  s i l i c o n  io n  w o u ld  have  in c o m p le te  
c o - o r d in a t io n  and an e x c e s s  o f  p o s i t i v e  c h a rg e . C o n s e q u e n tly ,
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th e  u n i t  w o u ld  a t t r a c t  and com b in e  w i t h  c o n s t i t u e n t s  o f  
th e  a tm o sp h e re
[ s i4 + ( io 2 - )  ]+  + H O  — [ s i ^ + ( i o 2 - )  0 H - ]  o + H+
o  ^ o
T h e re  w o u ld  now be a n e u t r a l  la y e r  o f  OH g ro u p s  on th e  
s u r fa c e  o f  t h e  g la s s .  B a te s o n  p ro p o s e d  t h a t  th e  a d h e s io n  
o f  a m e t a l l i c  f i l m  t o  th e  g la s s  s u r fa c e  was a c c o m p lis h e d  
b y  a c h e m ic a l r e a c t io n  w i t h  t h i s  l a y e r .  T h is  exposed  OH 
la y e r  c o u ld  a ls o  r e t a i n  a w e a k ly  bound la y e r  o f  w a te r  
v a p o u r  o r  f a t t y  a c id  b u t  c le a n in g  b y  a gas d is c h a rg e  i n  
va c u o  w o u ld  rem ove t h i s  la y e r  th o u g h  n o t  th e  OH g ro u p s .
T h u s , u n d e r i d e a l  c o n d i t io n s  th e  g la s s  s u r fa c e  TT^ould be 
i n  a h i g h ly  * r e a c t iv e *  s t a t e  a t  th e  i n s t a n t  o f  d e p o s i t in g  
th e  m e ta l f i l m  and th e  m e ta l v a p o u r  im p in g in g  on th e  
s u r fa c e  T it)u ld  r e a c t  c h e m ic a l ly  with th e  OH g ro u p s  d is p la c in g  
h y d ro g e n .
A c c o rd in g  t o  t h i s  t h e o r y ,  m e ta ls  w h ic h  r e a d i l y  
fo rm  o x id e s  s h o u ld  a d h e re  f i r m l y  t o  th e  g la s s  s u r fa c e .
T h is  h a s  been  shoT>rn p r e v io u s ly  to  be t r u e  f ro m  p r a c t i c a l  
k n o w le d g e . B a te s o n  a ls o  s u g g e s te d  t h a t  th e  a d h e s io n  
b e tw e e n  a m e ta l and a g la s s  s u b s t r a te  w o u ld  be g r e a te r  f o r  
m e ta ls  w i t h  c a t io n s  o f  a lo w  io n i c  r a d iu s  and a ls o  a 
c o - o r d in a t io n  num ber s i m i l a r  t o  t h a t  o f  th e  s i l i c o n  io n .
E v id e n c e  f o r  th e  p re s e n c e  o f  an I n te r m e d ia te
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o x id e  la y e r  has been g iv e n  b y  B e e c h in g ^ ^  and m ore f u l l y  b y  
l7S ta h l  . The l a t t e r  h a s  e xa m in e d  b y  e le c t r o n  d i f f r a c t i o n  
th e  s t r u c t u r e  o f  t h i n  f i lm s  o f  a num ber o f  m e ta ls  d e p o s ite d  
on o u tg a s s e d  m e ta l ,  g la s s  and m ic a  s u r fa c e s .  The m e ta l 
o x id e s  w ere shown t o  be p r e s e n t  f o r  a l l  m e ta ls  up  t o  a 
f i l m  th ic k n e s s  o f  5 0 0 -1 0 0 0 A . O n ly  f o r  B e , A l ,  Mo and N i 
d id  th e  m e ta l space  l a t t i c e  become e v id e n t  a t f i l m  t h i c k ­
n e s s e s  g r e a te r  th a n  lOOOA. H o w e ve r, th e s e  th ic k n e s s  v a lu e s  
seem to  be v e r y  h ig h  and s h o u ld  be t r e a te d  T id th  c a r e .
The f o r m a t io n  o f  t h i s  in te r m e d ia te  la y e r  o f  m e ta l 
o x id e  may n o t  be due t o  a c h e m ic a l r e a c t io n  w i t h  oxygen  
b o un d  to  th e  s u b s t r a t e .  F o r e xa m p le , S ta h l  s u g g e s ts  t h a t  
th e  r e s id u a l  a d s o rb e d  oxyg e n  i n  th e  sys tem  w o u ld  be r e le a s e d  
b y  a g e t t e r ln g  a c t io n  o f  th e  m e t a l l i c  v a p o u r  so  t h a t  a t th e  
b e g in n in g  o f  th e  e v a p o r a t io n  th e  m e ta l a tom s w o u ld  co m b in e  
w i t h  th e  r e s id u a l  o xyg e n  s u r ro u n d in g  th e  s o u rc e  fo rm in g  
th e  m e t a l l i c  o x id e .  As th e  e v a p o r a t io n  c o n t in u e s  a t a 
c o n s ta n t  r a t e  th e  space w o u ld  become d e p le te d  i n  o xyg e n  
and th e  m e ta l a tom s ^nrould re a c h  th e  s u b s t r a te  u n ch a n g e d .
Thus th e  d e p o s ite d  f i l m  w o u ld  g r a d u a l ly  b u i l d  up f ro m  th e  
o x id e  t o  th e  m e t a l l i c  spa ce  l a t t i c e .  I f  th e  e v a p o r a t io n  
was in t e r r u p t e d  oxyg en  w o u ld  e n te r  th e  space  a ro u n d  th e  
s o u rc e  and on r e s t a r t i n g  th e  e v a p o r a t io n  a se co n d  o x id e  
la y e r  w o u ld  be fo rm e d .
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H o w e ve r, u n d e r  th e  c o n d i t io n s  e m p lo ye d  b y  S t a h l ,  
th e  o x id e  f o r m a t io n  i s  m ore l i k e l y  t o  be due t o  c o l l i s i o n s  
o f  th e  r e s id u a l  o x y g e n  m o le c u le s  w i t h  th e  s u r fa c e  o f  th e  
s lo w ly  fo r m in g  f i l m .  S ta h l  u s e d  a v e r y  s m a ll  s o u rc e  t o  
s u b s t r a te  d is ta n c e  a n d , even  th o u g h  th e  gas p re s s u re  was 
r e l a t i v e l y  h ig h ,  v e r y  fe w  m e ta l atom s w o u ld  c o l l i d e  w i t h  
oxygen  m o le c u le s  b e fo re  r e a c h in g  th e  s u b s t r a t e .  The s lo w  
r a t e  o f  d e p o s i t io n  a t  th e s e  p re s s u re s  w o u ld ,  h o w e v e r , a l lo w  
th e  r e s id u a l  oxygen  m o le c u le s  t o  r e a c t  w i t h  th e  f i l m  s u r fa c e  
as i t  fo im e d .  Thus th e  m e ta l o x id e  Tiiould be fo rm e d  u n t i l  
th e  s u p p ly  o f  oxygen  became i n s u f f i c i e n t  and  th e  f i l m  w o u ld  
th e n  b u i l d  up  as th e  p u re  m e ta l .
3 . M easurem en t o f  A d h e s io n
T h e re  a re  a num ber o f  e m p ir ic a l  m e thods  f o r  th e  
m easu rem en t o f  a d h e s io n  b e tw e e n  a f i l m  and th e  s u r fa c e  o n  
w h ic h  i t  i s  d e p o s i te d .  These m e thod s  r e a l l y  s tem  fro m  
th e  t im e -h o n o u re d  * th u m b - n a i l*  t e s t .
S tro n g ^ ®  was th e  f i r s t  t o  u se  th e  * S c o tc h  Tape* 
m e th o d  f o r  t e s t i n g  th e  a d h e s io n  o f  a lu m in iu m  f i l m s  t o  g la s s .  
H o w e ve r, t h i s  m e th o d , i n  w h ic h  th e  a d h e s iv e  ta p e  i s  p re s s e d  
on t o  th e  f i l m  and th e n  s t r ip p e d  o f f ,  is .  o f  l i t t l e  u se  as 
a q u a n t i t a t i v e  t e s t .  The t e s t  i s  d e p e n d e n t on th e  a d h e s io n  
b e tw e e n  th e  ta p e  and  th e  f i l m  a n d , s in c e  th e  f i l m  m ay be
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c o m p le te ly  o r  p a r t l y  re m o v e d , o r  n o t rem o ved  a t  a l l  b y  th e  
s t r i p p in g  a c t io n  o f  th e  ta p e ,  one ca n  o n ly  ju d g e  th r e e  d e g re e s  
o f  a d h e s io n  b e tw e e n  th e  f i l m  and th e  s u b s t r a t e .  No d e g re e  
o f  a d h e s io n  c o u ld  be ju d g e d  i f  th e  a d h e s io n  was g o o d .
An in s t r u m e n t  to  m easure  th e  f o r c e  r e q u i r e d  f o r  
a s h a rp -e d g e d  c h is e l  t o  s t r i p  p a in t  f i lm s  f ro m  a s u r fa c e  
has b e en  u s e d  b y  R o l le  and D i e t r i c h ^ ^ . T h is  s t r i p p in g  
f o r c e ,  P , can b e 'e x p re s s e d  i n  te rm s  o f  th r e e  co m p o n e n ts ;
T , th e  t e a r  r e s is ta n c e  o f  th e  f i l m  on  e i t h e r  s id e  o f  th e  
c h i s e l ,  P, th e  p l a s t i c  r e s is ta n c e  o f  th e  f i l m  t o  th e  p u s h in g  
a c t io n  o f  th e  c h i s e l ,  and A , th e  fo r c e  o f  a d h e s io n  a t  th e  
i n t e r f a c e .  O n ly  A i s  in d e p e n d e n t o f  f i l m  t h ic k n e s s .
H a v in g  m easured  th e  f o r c e  t o  s t r i p  a 4 mm. w id th  o f  f i l m ,  
th e  c h i s e l  i s  moved a d is ta n c e  le s s  th a n  4 mm. t o  one s id e  
o f  th e  f i r s t  s t r i p  and th e  f o r c e  r e q u i r e d  to  rem ove a second  
s t r i p  o f  f i l m  i s  m e a s u re d . I n  th e  se co n d  c a s e , o n ly  one 
edge i s  s u b je c t  t o  t e a r in g  and, b y  m e a s u r in g  th e  second  w id t h ,  
T can be e l im in a te d  and a v a lu e  f o r  P + A o b ta in e d .  I f  
P + A i s  fo u n d  f o r  a s e r ie s  o f  f i l m  th ic k n e s s e s  and 
e x t r a p o la te d  t o  z e ro  th ic k n e s s  a v a lu e  f o r  A can  be e s t im a te d  
f o r  t h e  f i lm - s u b s t r a t e  p a i r .  I n  t h i s  w a y , v a lu e s  o f  A 
have b e e n  fo u n d  f o r  p a in t  f i lm s  0 .0 0 0 5  -  0 .0 0 4 "  t h i c k  on 
v a r io u s  m e ta l s u r fa c e s .  I n  t h i s  m e th od  o f  a d h e s io n  
m easurem en t th e  s h a rp -e d g e d  c h is e l  d ig s  i n t o  th e  f i l m  to  l i f t
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I t  f r o m  th e  s u r fa c e  and th e  m echan ism  h o ld s  good when th e  
f i l m  th ic k n e s s  i s  g r e a te r  th a n  th e  d im e n s io n s  o f  th e  c h is e l  
e d g e , as i n  th e  c a s e  o f  th e  p a in t  f i l m s .  T h is  m echan ism  
c o u ld  n o t  h o ld  f o r  t h i n  e v a p o ra te d  f i lm s  w h e re  th e  
d im e n s io n s  o f  th e  c h i s e l  edge w o u ld  he much g r e a te r  th a n  th e  
f i l m  th ic k n e s s  and i t  w o u ld  r id e  o v e r  th e  s u r fa c e  o f  th e  
f i l m .  I t  i s  d o u b t f u l  w h e th e r  s t r i p p i n g  w o u ld  o c c u r ,  and , 
i f  s t r i p p in g  d id  o c c u r ,  th e  f i l m  w o u ld  n o t  be c o m p le te ly  
rem oved  u n le s s  th e  a d h e s io n  was e x t r e m e ly  p o o r and th e  
f i l m  c o u ld  be rem oved b y  th e  r u b b in g  a c t io n  o f  th e  c h is e l  
edge a lo n e .  The a n a ly s is  o f  th e  r e s u l t s  w o u ld  c e r t a i n l y  
n o t  be a p p l ic a b le  and th e  fo r c e  c o u ld  n o t  be b ro k e n  down 
in t o  i t s  th r e e  c o m p o n e n ts .
F o r  a q u a n t i t a t i v e  t e s t  i t  i s  q u i t e  common p r a c t ic e  
t o  d e te rm in e  th e  m ar r e s is ta n c e  o f  a f i l m  b y  a b ra d in g  th e  
s u r fa c e .  Towns le  y  has d e s c r ib e d  an a p p a ra tu s  i n  w h ic h
th e  spec im en  f i l m  i s  r o t a t e d  w h i le  an a b ra d in g  h e a d  moves 
b a c k w a rd s  and fo rw a rd s  o v e r  th e  f i l m  s u r fa c e .  The f i l m  i s  
s u b je c t  t o  a f i x e d  num ber o f  a b r a s io n  s t r o k e s  u n d e r th e  
c o n d i t io n s  o f  c o n s ta n t  a b ra d in g  a re a  and p re s s u re  and a 
c o m p a r is o n  can be  made as t o  th e  e x te n t  o f  th e  s u r fa c e  
m a r r in g  b e tw e e n  d i f f e r e n t  s p e c im e n s . The r e s u l t  i s  m ore 
a m easure  o f  h a rd n e s s  th a n  a d h e s io n  and , f u r t h e r m o r e ,  e r r o r s  
may be in t r o d u c e d  b y  th e  b u r n is h in g  e f f e c t  o f  th e  a b ra d in g  
h e a d . The a b ra d in g  head  may b re a k  down th e  c r y s t a l l i t e s
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I n  th e  f i l m  and make i t  m ore com p ac t th e r e b y  in c r e a s in g  th e  
h a rd n e s s  and th e  a d h e s io n ,  o r  a s u r fa c e  la y e r  o f  o i l  may 
be u n i f o r m ly  s p re a d  o v e r  th e  s u r fa c e  and a c t  as a l u b r i c a n t .
The d is a d v a n ta g e s  o f  th e  m ethods so f a r  d e s c r ib e d  
a re  e l im in a t e d  i n  a m e th od  em p loyed  b y  H ea ve n s^^  when 
i n v e s t i g a t i n g  some o f  th e  f a c t o r s  i n f l u e n c in g  th e  a d h e s io n  
o f  f i l m s .  The lo a d  r e q u i r e d  on a c h ro m iu m -s te e l p o in t  i n  
o rd e r  t o  rem ove th e  f i l m  f ro m  th e  s u b s t r a te  was m e a s u re d .
The p o in t  had  a sm ooth c o n to u r  and was dra-'Mi a c ro s s  th e  
f i l m  a t  a c o n s ta n t  r a t e .  I n  t e s t i n g  th e  a d h e s io n  o f  a f i l m  
in c r e a s in g  lo a d s  w ere a p p l ie d  t o  th e  p o in t  u n t i l  th e  f i l m  
was rem oved  c o m p le te ly  f ro m  th e  s u b s t r a t e . B u rn is h in g  
was e l im in a t e d  s in c e  th e  f i l m  was rem oved  i n  one s t r o k e  
when th e  c r i t i c a l  lo a d  was re a c h e d  and th e  use  o f  a s in g le  
p o in t  in s te a d  o f  m u l t i p l e  c u t t i n g  e d g e s , as i n  T o -'^ns ley*s  
m e th o d , e n s u re d  r e a d i l y  r e p r o d u c ib le  r e s u l t s .  Thus th e  
m e th od  g iv e s  a c c u ra te  q u a n t i t a t i v e  r e s u l t s  e s p e c ia l ly  
when th e  m easurem en t o f  s m a l l  d i f f e r e n c e s  i n  a d h e s io n  i s  
r e q u i r e d .  The lo a d  a p p l ie d  t o  th e  p o in t  to  rem ove th e  
f i l m  i s  l i m i t e d  o n ly  b y  th e  s t r e n g th  o f  t h e  s u b s t r a te  and 
t h e r e f o r e  h ig h  a d h e s io n s  c a n  be m e a su re d .
The m e th od s  d e s c r ib e d  have a l l  b e en  e m p ir ic a l  
g i v in g  o n ly  a r e l a t i v e  m easu re  o f  th e  a d h e s io n .  T h is  
does n o t  mean t h a t  th e r e  have  been no a t te m p ts  t o  m easure
20
d i r e c t l y  th e  a b s o lu te  v a lu e  o f  a d h e s io n .  H ow ever, th e  
m ea surem en t o f  t h i s  v a lu e  i s  a v e r y  d i f f i c u l t  t a s k  s in c e  
a u n i f o r m  fo r c e  has t o  be a p p l ie d  n o rm a l to  th e  i n t e r f a c e  
b e tw e e n  th e  f i l m  and th e  s u r fa c e  t o  b re a k  th e  a d h e s iv e  
b o n d s . The d i f f i c u l t y  o f  e n s u r in g  t h i s  has  been  shown 
i n  th e  w o rk  o f  Bo W e n  and T a b o r^ ^  on f r i c t i o n .
23 24 25Beams and h is  c o l le a g u e s   ^  ^ have  d e s ig n e d
an a p p a ra tu s  i n  w h ic h  t h i s  u n i f o r m  f o r c e  i s  a p p l ie d  a t 
th e  i n t e r f a c e  b y  c e n t r i f u g a l  m e th o d s . T h in  f i l m s  w ere 
e le c t r o d e p o s i t e d  o r  e v a p o ra te d  on to  th e  p e r ip h e r ie s  o f  
c y l i n d r i c a l  s t e e l  r o t o r s  w h ic h  w ere su sp e n d e d  i n  h ig h  
vacuum  and spu n  a t  h ig h  s p e e d s . The f i lm s  w ere  c ir c u m -  
f e r e n t i a l l y  d is c o n n e c te d  in t o  s m a ll p a tc h e s  to  e l im in a t e  
hoop  s t r e s s e s  due t o  th e  t e n s i l e  s t r e n g th  o f  th e  f i l m  
m a t e r ia l  and , t o  p r e v e n t . th e  se p a tc h e s  lo o s e n in g  ro u n d  th e  
edges and r i p p i n g  o f f ,  th e  d e p o s its  w ere  made s l i g h t l y  
t h in n e r  a t th e  edges so  t h a t  t h i s  was th e  l a s t  p a r t  t o  f l y  
o f f .  C e n t r i f u g a l  f i e l d s  o f  th e  o r d e r  o f  10^ t im e s  t h a t  
o f  g r a v i t y  have  been  re a c h e d  and th e  speeds  a t t a in e d  a re  
l i m i t e d  o n ly  b y  th e  b u r s t in g  s t r e n g th  o f  th e  r o t o r s .  The 
a p p a ra tu s  t o  o b t a in  th e s e  h ig h  speeds i s  b o th  m e c h a n ic a l ly  
and e l e c t r o n i c a l l y  c o m p le x . M ost o f  th e  w o rk  d e s c r ib e d  
has  been  w i t h  e le c t r o d e p o s i t e d  f i lm s  on c o n ta m in a te d  s t e e l  
r o t o r s  w here  th e  a d h e s io n  has b e e n  p o o r ,  even  so th e  r o t o r
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speed r e q u i r e d  t o  th ro w  o f f  th e s e  f i lm s  has been  v e r y  h ig h *  
U n fo r t u n a t e ly ,  o n ly  a fe w  a d h e s io n  v a lu e s  a re  g iv e n  i n  th e  
l i t e r a t u r e ;  f o r  e xa m p le , a f o r c e  o f  1 6 ,4 0 0  I b . / i n ^  was 
r e q u i r e d  t o  rem ove an e le c t r o d e p o s i te d  ch rom ium  f i l m  o f  
th ic k n e s s  0 .0 1 "  fro m  a c o n ta m in a te d  s t e e l  r o t o r .  I f  th e  
f i l m  was o n ly  500A t h i c k ,  th e n  th e  a c c e le r a t io n  o f  3 x  lO ^ ^ g  
i"TOuld be r e q u i r e d  and t h i s  c o n s id e r a b ly  exce ed s  th e  
c e n t r i f u g a l  f i e l d s  o f  lO ^ g  o b ta in e d  b y  Beams. H o w e ve r, 
l e t  us c o n s id e r  th e  same p o o r  a d h e s io n  o f  1 6 ,4 0 0  I b . / i n . ^  
to  e x i s t  b e tw e e n  an e v a p o ra te d  ch rom ium  f i l m  500Â t h i c k  and 
a g la s s  c y l i n d e r  1 cm. r a d iu s .  B y Beams^ fo r m u la ,  a speed 
o f  30 X 10 r . p . s .  w o u ld  be r e q u i r e d  to  b re a k  th e  a d h e s iv e  
bonds b u t  th e  g la s s  c y l i n d e r ,  t h  a t e n s i l e  s t r e n g t h  o f  
5 X 10® d y n e s / c m . ® , w o u ld  b u r s t  a t 3 x  1 0 ^  r . p . s .  Thus
th e  use  o f  r o t o r s  made f ro m  m a t e r ia ls  w e a k e r th a n  s t e e l  
w o u ld  be r e s t r i c t e d  to  v e r y  p o o r ly  a d h e re n t f i lm s  d e p o s ite d  
t o  a c o n s id e r a b le  t h ic k n e s s .  I t  a p p e a rs  th a t  t h i s  
a p p a ra tu s  i s  n o t  s u i t a b le  f o r  a c o m p re h e n s iv e  s tu d y ,  o f  th e  
a d h e s io n  o f  t h i n  f i l m s  d e p o s ite d  on  a w id e  v a r i e t y  o f  
m a t e r ia l s .
U l t r a s o n ic  v ib r a t io n s  have  been  u se d  b y  Moses 
27 28and W i t t   ^ to  a p p ly  a fo r c e  n o rm a l to  th e  in t e r f a c e  
b e tw e e n  a f i l m  and a s u r fa c e .  The f i l m  i s  d e p o s ite d  on th e  
end o f  a c y l i n d e r  i n  w h ic h  l o n g i t u d in a l  v ib r a t io n s  a re
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in d u c e d  e le c t r o d y n a m ic a l ly .  Tlie f i l m  s e p a ra te s  f ro m  th e  
s u r fa c e  when th e  f o r c e  due t o  a c c e le r a t io n  e xce e d s  th e  a d h e s iv e  
f o r c e  a t th e  i n t e r f a c e .  I n  th e  a p p a ra tu s  u s e d  b y  th e  above 
w o rk e rs  th e  v i b r a t i o n  re q u ire m e n ts  l i m i t e d  th e  c y l in d e r  
m a t e r ia l  t o  d u r a i  and m agnesium  and th e  a d h e s io n  o f  o rg a n ic  
f i lm s  t o  th e s e  m a t e r ia ls  was exa m in ed  and shovn  t o  be p o o r ,  
a c c e le r a t io n s  o f  th e  o r d e r  o f  5 x  lO ^ g  b e in g  r e q u i r e d  to  
rem ove th e  f i l m s .  C o n s id e r in g  a ch ro m iu m  f i l m  500A t h i c k  
w i t h  an a d h e s iv e ’ f o r c e  o f  1 6 ,4 0 0  lb  . / i n  b in d in g  i t  to  th e  
s u r fa c e ,  a g a in  i t  i s  se e n  t h a t  an a c c e le r a t io n  o f  
1 0 ^ ^  c m . /s e c .^  o r  lO ^ ^ g  w o u ld  be r e q u i r e d  to  s e p a ra te  th e  
f i l m  f ro m  th e  s u r fa c e .  T h is  o r d e r  o f  a c c e le r a t io n  v /o u ld  
c e r t a i n l y  n o t  be p ro d u c e d  e le c t r o d y n a m ic a l ly  o r  b y  m a g n e to ­
s t r i c t i o n  s in c e  b o th  ty p e s  o f  t r a n s d u c e r  w o rk  a t th e  lo w  
end o f  th e  u l t r a s o n i c  f r e q u e n c y  ra n g e .  H o w e ve r, a q u a r tz  
c r y s t a l  g e n e r a to r ,  w h ic h  c a n  w o rk  a t  h ig h e r  f r e q u e n c ie s ,  
p ro d u c e s  g r e a te r  a c c e le r a t io n s  a t  th e  s u r fa c e .  Even s o , 
u s in g  a 10 M c /s  q u a r tz  c r y s t a l  t o  p ro d u c e  an a c o u s t ic
i n t e n s i t y  o f  10 ^^/cm . ^  i n  a i r ,  th e  a c c e le r a t io n  p ro d u c e d
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w o u ld  be  a b o u t 10 c m . /s e c .  , -  an o rd e r  o f  m a g n itu d e
lo w e r  th a n  r e q u i r e d  t o  rem ove e ve n  a p o o r ly  a d h e re n t f i l m .
A g a in  i t  has be en  shown t h a t  a m e th od  o f  m e a s u iln g  th e
a b s o lu te  v a lu e  o f  a d h e s io n  b e tw e e n  a f i l m  and a s u r fa c e  h a s
a l i m i t e d  use  and i s  n o t  s u i t a b le  w h e re  s t r o n g  a d h e s io n
bonds a re  in v o lv e d .
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4 • C o n c lu s io n s
I t  can  be se e n  f ro m  t h i s  d is c u s s io n  o f  th e  
a d h e s io n  b e tw e e n  a t h i n  f i l m  and i t s  s u b s t r a te  t h a t  th e r e  
i s  s t i l l  some d o u b t, as t o  th e  a c tu a l  m echan ism  o f  a d h e s io n . 
Prom  th e  t h e o r ie s  q u o te d  th e  a d h e s iv e  bonds c o u ld  be 
in te r m o le  c u l a r , e l e c t r i c a l  o r  c h e m ic a l.  I t  i s  p o s s ib le  
t h a t  th e  a d h e s io n  i s  due t o  a c o m b in a t io n  o f  th e s e  
d i f f e r e n t  ty p e s  o f  b o n d .
I n  an e x p e r im e n ta l i n v e s t i g a t i o n  o f  a d h e s io n , 
th e  id e a l  a p p a ra tu s  s h o u ld  g iv e  a b s o lu te  v a lu e s  o f  a d h e s io n  
b e tw e e n  th e  f i l m  and th e  s u r fa c e .  I n  t h i s  c a s e , h o w e v e r, 
i t  has been  sho^m t h a t  th e  m e th od s  a v a i la b le  a re  o n ly  
s u i t a b le  f o r  p o o r ly  a d h e re n t f i lm s  s u c h  as o r g a n ic  f i l m s .  
T h e re fo r e ,  u se  m ust be made o f  a m e th od  w h ic h  w i l l  o n ly  
g iv e  c o m p a ra t iv e  m easurem en ts  o f  a d h e s io n  and th e  o b v io u s  
c h o ic e  i s  th e  a p p a ra tu s  d e s c r ib e d  b y  H e a ve n s . W ith  t h i s  
a p p a ra tu s  a c c u ra te  q u a n t i t a t i v e  c o m p a r is o n s  c a n  be made 
f o r  th e  a d h e s io n  b e tw e e n  v a r io u s  m e ta l- s u b s t r a t e  p a i r s  o v e r  
a ra n g e  fro m  p o o r  t o  v e r y  s t r o n g  a d h e s io n .
C o m p a riso n  o f  th e  r e s u l t s  o f  th e  e x p e r im e n ta l 
i n v e s t i g a t i o n  ijv ith  a t h e o r e t i c a l  e s t im a te  o f  th e  a d h e s io n  
s h o u ld  g iv e  an i n d i c a t i o n  o f  th e  m echan ism  o f  a d h e s io n .
The a d h e s io n  due t o  van  d e r  W a a ls ’ fo r c e s  ca n  be c a lc u la t e d
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m ost e a s i l y  and th e r e  i s  th e  a d v a n ta g e  t h a t  th e s e  v a lu e s  
can be c h e cke d  e x p e r im e n ta l ly  b y  th e  m e th o d  d e s c r ib e d  b y  
R h o d ln .
W ith  t h i s  c o m b in a t io n  o f  e x p e r im e n ta l and 
t h e o r e t i c a l  m e th od s  f o r  s tu d y in g  a d h e s io n ,  a c o m p re h e n s iv e  
i n v e s t i g a t i o n  o f  th e  a d h e s io n  o f  m e ta l f i lm s  on a w id e  
v a r i e t y  o f  s u b s t r a te s  ca n  be m ade.
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CHAPTER 2
THE DETERMINATION OP THE'ENERGY OP ADHESION
1 .  I n t r o d u c t io n
The m e th o d  u s e d  t o  d e te rm in e  th e  a d h e s iv e  e n e rg y  
o f  b in d in g  b e tw e e n  a t h i n  m e t a l l i c  f i l m  and a s u b s t r a te  
c lo s e l y  f o l lo w s  t h a t  d e s c r ib e d  b y  R h o d in ® .
When a s tre a m  o f  m e ta l a tom s im p in g e s  on  a 
s u b s t r a t e ,  c o n d e n s a t io n  w i l l  o c c u r  o n ly  i f  c e r t a in  r e q u i r e ­
m e n ts  a re  s a t i s f i e d ;  t h a t  i s ,  f o r  a g iv e n  s u b s t r a te  
te m p e ra tu re  th e r e  i s  a c r i t i c a l  v a p o u r  p re s s u re  o f  th e  
s tre a m  o f  m e ta l atom s above w h ic h  c o n d e n s a t io n  w i l l  o c c u r  
b u t  b e lo w  ^ h ic h  a n y  co n d e n se d  m e ta l m i l  r e - e v a p o r a te •
The r e l a t i o n s h ip  b e tw e e n  th e  p re s s u re  and th e  c o r re s p o n d in g  
s u b s t r a te  te m p e ra tu re  i s  g iv e n  b y
-  A
RT
p = c .e
w h e re  p i s  th e  p re s s u re  o f  th e  m e ta l v a p o u r  s tre a m , T i s  
th e  a b s o lu te  te m p e ra tu re  o f  th e  s u b s t r a t e , c i s  a c o n s ta n t  
i n s e n s i t i v e  to  te m p e ra tu re ,  and A i s  an e n e rg y  te rm  
c h a r a c t e r i s t i c  o f  th e  f i l m  and s u b s t r a t e .  T h is  r e l a t i o n ­
s h ip  may a ls o  be m i t t e n  i n  th e  fo rm
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2 . 3 R  T
T h is  i s  th e  e q u a t io n  o f  a s t r a i g h t  l i n e  f ro m  w h ic h  v a lu e s  
o f  c can  be e x t r a p o la te d  f r o m  th e  in t e r c e p t  on  th e  p re s s u re  
a x is  and v a lu e s  o f  A o b ta in e d  f r o m  th e  s lo p e  o f  th e  l i n e .
A may be i n t e r p r e t e d  as b e in g  th e  h e a t  o f  
c o n d e n s a t io n  o f  th e  f i r s t  la y e r  o f  m e ta l a tom s on  th e  
s u b s t r a te  and c a n  be d iv id e d  f u r t h e r  i n t o  th e  a d h e s iv e  
e n e rg y  b e tw e e n  th e  m e ta l and th e  s u b s t r a te  (E )  and th e  
c o h e s iv e  e n e rg y  i n  th e  f i r s t  l a y e r  o f  m e ta l atoms (A ) ,  
t h a t  i s
A = E + A
To m easure  A e x p e r im e n t a l l y  f o r  a m et a l - s u b s t r a t e
p a i r ,  th e  s u b s t r a te  te m p e ra tu re  i s  v a r ie d  and f o r  each
s u b s t r a te  te m p e ra tu re  th e  c o r re s p o n d in g  m in im um  v a p o u r
p re s s u re  f o r  c o n d e n s a t io n  i s  fo u n d .  I n  p r a c t i c e ,  th e
v a p o u r  p re s s u re  o f  t h e  s tre a m  o f  m e ta l atoms is  o b ta in e d
fro m  th e  m e ta l s o u rc e  te m p e ra tu re  u s in g  th e  v a lu e s  f o r  th e
v a r i a t i o n  o f  v a p o u r  p re s s u re  in d th  te m p e ra tu re  f o r  th e
30m e ta l c o n c e rn e d  .
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2 .  App a r  a tu  s
The a p p a ra tu s  u se d  I n  t h i s  i n v e s t i g a t i o n  i s  
shown i n  F ig u r e  2 . 1 .  The m e ta l t o  be d e p o s ite d  was p la c e d  
i n  a m ic ro  c r u c ib le ,  M , i^iade o f  e i t h e r  ta n ta lu m  o r  m o lybdenum , 
and h e a te d  b y  e le c t r o n  bo m b a rd m e n t. The m e ta l v a p o u r  
s tre a m  f ro m  th e  c r u c ib le  was p a sse d  th ro u g h  a s e r ie s  o f  
a p e r tu r e s .  A, and was d i r e c t e d  o n  t o  a s u b s t r a t e ,  S ( shown 
i n  F ig u r e  2 .1  as a g la s s  s l i d e ) ,  i?^hich was h e a te d  fro m  th e  
o p p o s ite  s id e  b y  a m a s s iv e  c o p p e r  b lo c k ,  C. T h is  b lo c k  
c o n ta in e d  a h e a t in g  e le m e n t ,  H, ^«h ich  was c o n t r o l l e d  
d i r e c t l y  b y  a V a r ia c .  The s u b s t r a te  te m p e ra tu re  was 
m ea su re d  b y  a th e rm o c o u p le  i n  in t im a t e  c o n ta c t  i d t h  th e  
e xp o se d  s u r fa c e .  I n  th e  ca se  o f  a g la s s  s u b s t r a t e ,  a 
s i l v e r - p l a t i n u m  th e rm o c o u p le  was f i r e d  o n  t o  th e  s u r fa c e  
b u t  w i t h  c r y s t a l  s u b s t r a te s ,  a ch rom e1 - a lum e1 th e rm o c o u p le  
was p re s s e d  o n  to  th e  s u r fa c e .  The fo r m a t io n  o f  t h e  m e ta l 
f i l m  was d e te c te d  b y  a sudden  d ro p  i n  r e s is ta n c e  b e tw e e n
tw o  c o n ta c ts  a ls o  i n  in t im a t e  c o n ta c t  w i t h  th e  s u r fa c e  and,
f o r  b o th  g la s s  and c r y s t a l  s u b s t r a te s ,  s i l v e r  c o n ta c ts  
w e re  f i r e d  on  to  th e  s u r fa c e  f o r  t h i s  p u rp o s e .  F ig u re s  2 ,
2 (a )  and 2 .2 ( b )  show a g la s s  and a c r y s t a l l i n e  s u b s t r a te
v l t h  th e  p o s i t io n s  o f  th e  th e rm o c o u p le  and i t s  c o n ta c t s ,  
th e  r e s is ta n c e  p ro b e s ,  and th e  a re a  c o v e re d  b y  th e  condensed  
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F i g u r e  2 , 1 «  S e c t i o n a l  v i e w  o f  a p p a r a t u s  f o r  t h e  d e t e r m i n a t i o n
o f  a d h e s i v e  e n e r g y .
T h e r m o c o u p le
P t
R e s i s t a n c e  P r o b e s
F i g u r e  2 . 2 a ,  D ia g r a m  o f  c o n t a c t s  t o  a g l a s s  s u b s t r a t e ,
C h r o m e l - A l u m e l  T h e r m o c o u p le
R e s i s t a n c e  P r o b e s
F i g u r e  2 . 2 b .  D ia g r a m  o f  c o n t a c t s  t o  a c r y s t a l  s u b s t r a t e .
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p h o s p h o r b ro n z e  p re s s u re  c o n ta c t s ,  th o u g h  f o r  th e  
th e rm o c o u p le  th e s e  c o n ta c ts  ^^ reve c o v e re d  b y  s i l v e r  end 
p la t in u m  f o i l .
The h e a t in g  o f  th e  m ic ro  c r u c ib le  b y  e le c t r o n  
bom bardm ent was c a r r ie d  o u t  b y  th e  sys te m  sho^ ?'7n i n  
F ig u r e  2 . 3 .  The c r u c i b l e ,  w i t h  an in s id e  d ia m e te r  o f  
a p p ro x im a te ly  0 .3 5  c m ., was m oun ted  a t  th e  c e n t r e  o f  a 
tu n g s te n  f i l a m e n t .  T h is  f i l a m e n t ,  o f  0 .0 0 5 ”  w i r e ,  when 
h e a te d  to  w h ite  h e a t ,  e m it te d  e le c t r o n s  w h ic h  w ere  
a c c e le r a te d  b y  a p o s i t i v e  p o t e n t i a l  o f  1 -  2 KV to w a rd s  
th e  c r u c i b l e .  The sys te m  was s u r ro u n d e d  b y  a ta n ta lu m  
s h ie ld  to  p re v e n t  h e a t lo s s e s  and th e  m e ta l v a p o u r  was 
e m it te d  th ro u g h  an o r i f i c e  o f  a p p r o x im a te ly  1 mm. d ia m e te r  
i n  a ta n ta lu m  l i d  w h ic h  c o m p le te ly  e n c lo s e d  th e  v h o le  
s y s te m . The m ic r o c r u c ib le  was m ou n ted  b y  m olybdenum  w ir e  
to  a g la s s -m e t  a l  s e a l (G i n  F ig u re  2 . 1 ) ,  i^ h ic h ,  i n  t u r n ,  
was s o ld e re d  t o  a c o p p e r  c y l in d e r  (B  i n  F ig .  2 .1 )  to  e n a b le  
i t  t o  be c la m p e d . T h is  m o u n t in g  c o n s id e r a b ly  re d u c e d  h e a t 
c o n d u c t io n .  ^"^ith in d e p e n d e n t c o n t r o l  o f  th e  f i la m e n t  
v o l ta g e  and th e  a c c e le r a t in g  p o t e n t i a l ,  th e  s o u rc e  
te m p e ra tu re  c o u ld  be a c c u r a te ly  c o n t r o l l e d  to  te m p e ra tu re s  
up  t o  1 5 0 0 ^ 0 . These h ig h  te m p e ra tu re s  w ere  m easured  b y  
a th e rm o c o u p le  a c t u a l l y  i n  th e  c r u c ib l e ,  th e  » c o u p le  b e in g  
le d  i n  b y  a s i l i c a  tu b e  (R i n  F ig u r e  2 .1 )  th ro u g h  th e
T u n g s t e nT a n t a l u m  L i d
F i l a m e n t
O r i f i c e
o
C r u c i b l e
T a n t a l u m
S h i e l d
Molybdenum W i r e  
S u p p o r t
h e r m o c o u p le
F i g u r e  2 .  3 ,  D ia g r a m  o f  t h e  e l e c t r o n i c  h e a t e r .
29
b o t to m  o f  th e  c r u c i b l e .  The th e rm o c o u p le  u s e d  was 
chrom e 1 - alum e 1 , th o u g h  p la t in u m - p la t in u m / r h o d iu m  was t r i e d  
b u t  was fo u n d  t o  b u m  o u t  due t o  c r y s t a l l i s a t i o n  o f  th e  
p la t in u m .  C am bridge   ^S p o t * g a lv a n o m e te rs  w e re  u se d  to  
r e c o r d  th e  th e rm o c o u p le  r e a d in g s .  % e r e  c h ro m e l-a lu m e l 
was u s e d , th e  s c a le  was c a l ib r a t e d  f ro m  th e  s ta n d a rd  
te m p e ra tu re -E .M .F . t a b le s .  H o w e ve r, i n  th e  case  o f  the  
s i l v e r - p l a t i n u m  * f i r e d *  th e rm o c o u p le ,  i t  was d o u b te d  
w h e th e r  th e  c a l i b r a t i o n  w o u ld  be th e  same as an A g -P t w ir e  
* c o u p le .  T h e r e fo r e ,  th e  g a lv a n o m e te r  s c a le  was c a l ib r a t e d  
b y  p la c in g  a g la s s  s u b s t r a te  w i t h  th e  f i r e d  * c o u p le  i n  a 
m u f f le  fu rn a c e  and c a l i b r a t i n g  i t  a g a in s t  a c o m m e rc ia l 
th e rm o c o u p le .  Howrever, i t  was fo u n d  t h a t  t h i s  c a l i b r a t i o n  
c u rv e  was i n  good ag ree m en t i^ d th  th e  t h e o r e t i c a l  c u rv e  
o b ta in e d  fro m  th e  s ta n d a rd  te m p e ra tu re -E .M .P .  t a b le s .
The s u b s t r a te ,  h e a t in g  b lo c k  and c o n ta c ts  to  th e  
s u b s t r a te  w e re  m ou n ted  on a l / 4 '^  t h i c k  Myc a le x  s h e e t 
w h ic h  wras r i g i d l y  f i x e d  above a s im i l a r  Myc a le x  s h e e t upon 
w h ic h  was m ou n te d  th e  e l e c t r o n ic  h e a t e r .  The c o l l im a t in g  
a p e r tu re s  and a s h u t t e r  (T  i n  F ig u r e  2 .1 )  w ere  s i t u a t e d  
b e tw e e n  th e s e  tw o s h e e ts .  The s u b s t r a te  and th e  c o l l im a t in g  
a p e r tu re s  w ere  a t  t h e  same p o t e n t i a l  as th e  c r u c ib le  to  
p re v e n t  any  m e ta l io n s ,  w h ic h  may ha ve  fo rm e d  i n  th e  s o u rc e  
r e g io n ,  b e in g  a c c e le r a te d  to w a rd s  th e  s u b s t r a t e .
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The c o n ta c ts  h a v in g  been f i r e d  on t o  th e  s u r fa c e  
p r e v io u s ly ,  th e  g la s s  s u b s t r a te s  w ere  w ashed p r i o r  t o  b e in g  
u s e d  i n  th e  d e te r g e n t  ^ T e e p o l* ,  r in s e d ,  d r ie d  and p o l is h e d  
w i t h  le n s  t i s s u e .  The c r y s t a l l i n e  s u b s t r a te s  w ere  c le a v e d  
and th e  c o n ta c ts  f i r e d  on to  th e  s u r fa c e .  As th e s e  
s u b s t r a te s  c o u ld  n o t  be c le a n e d  b y  th e  above m e th od  th e y  
w ere  h a n d le d  w i t h  c a re  t o  p re v e n t  c o n ta m in a t io n  o f  th e  
s u r fa c e  u n t i l  th e y  w ere  r e q u i r e d .
The r e q u i r e d  s u b s t r a te  was p la c e d  i n  p o s i t io n  
and th e  w h o le  a rra n g e m e n t, as shown i n  P la te  2 . 1 ,  was 
e n c lo s e d  i n  th e  w o rk in g  cham ber o f  a vacuum  u n i t .  The 
e l e c t r i c a l  and  m e c h a n ic a l c o n n e c t io n s  w e re  made th ro u g h  
th e  base  p l a t e .  The s u b s t r a te  s u r fa c e  was g iv e n  a f i n a l  
c le a n  b y  a g lo w  d is c h a rg e  f ro m  a lu m in iu m  e le c t r o d e s  and 
t h i s  d is c h a rg e  a ls o  o u tg a s s e d  th e  vacuum  ch a m b e r. '% en 
a p re s s u re  o f  10 “  mm. E g . was re a c h e d  i n  th e  cham ber, th e  
c r u c ib le  and i t s  c o n te n ts  w ere o u tg a s s e d  b y  h e a t in g  t o  
above th e  m e l t in g  p o in t  o f  th e  m e ta l c h a rg e .  D u r in g  t h i s  
o u tg a s s in g  th e  s u b s t r a te  was p r o te c te d  b y  th e  s h u t t e r .
The s u b s t r a te  was th e n  h e a te d  t o  a s u i t a b le  te m p e ra tu re  
a n d , w i t h  th e  s h u t t e r  re m o ve d , th e  c r u c ib le  te m p e ra tu re  
was r a is e d  s lo w ly  u n t i l  c o n d e n s a t io n  o f  th e  m e ta l f i l m  j u s t  
b e g a n . A t t h i s  p o in t  th e  th e rm o c o u p le  r e a d in g s  f o r  th e  
c r u c ib le  and th e  s u b s t r a te  w e re  n o te d .
i'O
it:,it
P la te  2 . 1 .  A p p a ra tu s  f o r  th e  d e te r m in a t io n  
o f  a d h e s iv e  e n e rg y  m ou n te d  i n  th e  
w o rk in g  cham ber o f  a vacuum  u n i t .
31
R e c h a rg in g  o f  th e  c r u c ib le  was f a c i l i t a t e d  b y  
u n c la m p in g  th e  w h o le  c r u c ib le  m o u n t in g .
3 • R e s u lts
The c o n d i t io n s  f o r  c o n d e n s a t io n  o f  a number o f  
m e ta ls  on v a r io u s  s u b s t r a te s  w ere  e xa m in e d  and th e  r e s u l t s  
a re  shown i n  F ig u r e s  2 .4 ,  2 .5  and 2 . 6 .  F rom  th e s e  r e s u l t s  
th e  h e a ts  o f  c o n d e n s a t io n  A. w e re  fo u n d  f o r  A t ,  Ag and Cd 
on  g la s s ,  and A t  and Ag on th e  (1 0 0 )  fa c e s  o f  NaCt and 
K B r . The c o n d i t io n s  f o r  c o n d e n s a t io n  o f  Or on th e s e  
s u b s t r a te s  w ere  a ls o  exa m in ed  b u t  i t  was fo u n d  t h a t  t h i s  
m e ta l s u b l im a te d  and t h i s  p re v e n te d , th e  u se  o f  th e  
r e l a t i o n s h ip  b e tw e e n  th e  c r u c ib le  te m p e ra tu re  and th e  
p re s s u re  o f  th e  m e ta l v a p o u r  s tre a m  g iv e n  b y  K e l le y ^ ^ .
A ls o  sho^m i n  F ig u re s  2 .4  and 2 .5  a re  th e  
c o n d i t io n s  f o r  c o n d e n s a t io n  o f  At o n  g la s s  and (1 0 0 )  NaCt 
o b ta in e d  b y  R h o d in . I t  can be seen  t h a t  th e r e  i s  no 
a g reem en t b e tw e e n  th e s e  r e s u l t s  and th o s e  o f  th e  p re s e n t  
i n v e s t i g a t i o n .  I n  b o th  cases th e  v a lu e s  o f  A fo u n d  b y  
R h o d in  a re  much h ig h e r .  A t f i r s t  i t  was th o u g h t  t h a t  
th e  s u b s t r a te s  u se d  i n  th e  p re s e n t  w o rk  m ig h t  have b e e n  
c o n ta m in a te d  d u r in g  th e  f i r i n g  o f  th e  s i l v e r  c o n ta c ts  o n  
th e  s u r fa c e s  t o  be u se d  f o r  th e  in d i c a t i o n  o f  th e  f o im a t io n  
o f  t h e  f i l m s .  T h e re fo r e ,  t r i a l  ru n s  w ere  made w i t h o u t  
u s in g  s i l v e r  c o n t a c t s ,  t h e  r e s is ta n c e  p ro b e s  b e in g  p re s s e d
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F i g u r e  2 . 6 .  C o n d e n s a t i o n  c o n d i t i o n s  f o r  m o t a l s  o n  t h e
(lO O ) fa c e  o f  K B r.
32
d i r e c t l y  on to  th e  s u b s t r a te  s u r fa c e s .  Hovrever^ th e  r e s u l t s  
o b ta in e d  i n  th e s e  t r i a l  ru n s  w e re  th e  same as b e fo r e ;  i n  
f a c t ,  no m a t te r  w h a t p r e c a u t io n s  w ere  ta k e n ,  no  c o n d e n s a t io n  
o f  aI on  g la s s  o r  NaC-l was fo u n d  to  o c c u r  u n d e r th e  c o n d i t io n s  
g iv e n  b y  R h o d in . F u r t h e r  e x a m in a t io n  o f  R h o d in * s r e s u l t s  
show t h a t  th e  c o n d e n s a t io n  o f  Ikl o c c u r re d  a t h ig h e r  s u b s t r a te  
te m p e ra tu re s  th a n  th o s e  o b s e rv e d  i n  th e  p re s e n t  w o rk  and 
th e  d is c r e p a n c y  i n  th e  r e s u l t s  c o u ld  be due t o  o v e r - h e a t in g  
o f  th e  th e rm o c o u p le  p ro b e  on  th e  s u b s t r a te  b y  r a d ia t i o n  
fro m  th e  s o u rc e .  I n  th e  p re s e n t  i n v e s t i g a t i o n  th e  s u b s t r a te  
te m p e ra tu re  w as, in m o s t  c a s e s , m e a su re d  b y  a th e rm o c o u p le  
f i r e d  on to  th e  s u r fa c e  and t h i s  ty p e  o f  * c o u p le  ^^rould n o t  
be a f f e c t e d  b y  r a d ia t i o n . ^  H o w e ve r, as c a n  be seen  i n  
F ig u r e  2 .2 ,  c a re  was ta k e n  th a t  th e  th e rm o c o u p le  was w e l l  
s h ie ld e d  f ro m  r a d ia t i o n  i n  a l l  c a s e s .
I n  th e  ca se  o f  R h o d in *s  r e s u l t s  f o r  kt on 
(1 0 0 )  N a C t, i t  was fo u n d  t h a t ,  i f  th e  g ra p h  was e x t r a p o la te d  
t o  a s u b s t r a te  te m p e ra tu re  o f  2 0 ^ 0 . ,  th e  a l im iin iu m  s h o u ld  
condense  on  th e  s u r fa c e  a t  a v e r y  lœ r v a p o u r  s tre a m  p r e s s u r e ;  
i n  f a c t ,  t h i s  p re s s u re  c o r re s p o n d e d  to  a s o u rc e  te m p e ra tu re  
w h ic h  was le s s  th a n  th e  m e l t in g  p o in t  o f  a lu m in iu m . T h is  
c o n d i t io n  c o u ld  n o t  o c c u r  u n le s s  th e  a lu m in iu m  s u b lim a te d  
and s u b l im a t io n  was c e r t a i n l y  n o t  o b s e rv e d  i n  th e  p re s e n t  
i n v e s t i g a t i o n .  F u r th e rm o re ,  t h e  v a lu e s  fo u n d  b y  R h o d in  
f o r  th e  h e a t  o f  c o n d e n s a t io n  A f o r  kl on g la s s  and (1 0 0 )  N aC t
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o f  15 K . c a l . /m o le  and 31 K . c a l . /m o le  r e s p e c t i v e l y ,  a re  v e r y  
h ig h  and w o u ld , i n  f a c t ,  in d i c a t e  c h e m is o r p t io n .  I t  iT^dll 
be s h o rn  l a t e r ,  p a r t i c u l a r l y  w i th  At on  N a C i, t h a t  th e r e  
i s  n o  e v id e n c e  o f  a c h e m ic a l r e a c t io n  b e tw e e n  a lu m in iu m  
and th e s e  s u r fa c e s .
An i n d i c a t i o n  t h a t  th e  m e th o d  e m p lo ye d  i n  th e  
p re s e n t  i n v e s t i g a t i o n  was r e l i a b l e  i s  g iv e n  b y  th e  w o rk  
o f  E s te rm a n n ^ ^ . I n  a s tu d y  o f  th e  h e a ts  o f  e v a p o ra t io n  
o f  m e ta ls  f r o m  s u r fa c e s ,  th e  v a lu e  f o r  cadm ium  on  g la s s  
was g iv e n  as 3 .5  K . c a l . / m o le .  The h e a t o f  e v a p o r a t io n  ca n  
be d e f in e d  as th e  e n e rg y  b e tw e e n  an atom  and th e  s u r fa c e  
p lu s  th e  e n e rg y  b e tw e e n  tw o  atoms o r  a d o u b le t  and t h i s  i s  
s im i l a r  t o  th e  d e f i n i t i o n  o f  A . The v a lu e  o f  A f o r  cadmium 
o n  g la s s  o b ta in e d  i n  t h i s  i n v e s t i g a t i o n  was 3 .6  K . c a l . / m o le  
w h ic h  com p are s  v e r y  f a v o u r a b ly  w i t h  th e  v a lu e  g iv e n  b y  
E s te rm a n n .
H a v in g  now o b ta in e d  v a lu e s  f o r  A, th e  a d h e s iv e  
e n e rg y  E , c a n  be c a lc u la t e d  b y  d e te r m in in g  th e  c o h e s iv e  
e n e rg y  i n  th e  f i r s t  l a y e r  o f  th e  m e ta l A . R h o d in  made a 
c ru d e  a p p ro x im a t io n  f o r  A and, ^ in  th e  case  o f  a lu m in iu m  
on g la s s ,  o b ta in e d  a v a lu e  o f  15 K . c a l . / m o le  w h ic h  gave 
z e ro  e n e rg y  b e tw e e n  th e  f i l m  and th e  g la s s  s u b s t r a t e .
Though th e  a d h e s io n  b e tw e e n  a lu m in iu m  and g la s s  may be s m a l l ,  
i t  was f e l t  t h a t  th e  r e s u l t  o f  R h o d in  was e x a g g e ra te d .  
T h e r e fo r e ,  i t  was d e c id e d  t h a t  a t h e o r e t i c a l  c a l c u l a t i o n  o f
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E w o u ld  be m ore p r o f i t a b l e  th a n  a c ru d e  a p p ro x im a t io n  o f  A 
and th e s e  t h e o r e t i c a l  v a lu e s  c o u ld  th e n  be com pared iFdth  
th e  e x p e r im e n ta l  v a lu e s  o f  A in h ic h  s h o u ld  be s l i g h t l y  
g r e a t e r .
4 . A T h e o r e t ic a l  D e te r m in a t io n  o f  th e  
E n e rg y  o f  A d h e s io n
The c o n d e n s a t io n  o f  th e  f i r s t  la y e r  o f  m e ta l on 
th e  s u b s t r a te  can  be c o n s id e re d  t o  be s im i l a r  to  th e  
p h y s ic a l  a d s o r p t io n  o f  a gas on  a s u r fa c e  b y  van  d e r ^"^aals* 
a t t r a c t i v e  f o r c e s .  T he re  a re  t h r e e  e l e c t r o s t a t i c  e f f e c t s  
w h ic h  j o i n t l y  a c c o u n t f o r  th e s e  f o r c e s :  th e  o r i e n t a t i o n
e f f e c t  o f  K eesom ^^, th e  in d u c t io n  e f f e c t  o f  D e b y e , and 
th e  d is p e r s io n  e f f e c t  o f  London^"^. T h is  d is p e r s io n  e f f e c t  
a c c o u n ts  f o r  th e  a t t r a c t i o n  be tw een  a f l u c t u a t i n g  d ip o le  
and an in d u c e d  d ip o le  and i s  th e  m o s t im p o r ta n t ,  o f  th e  
t h r e e  e f f e c t s .
London  showed t h a t  th e  d is p e r s io n  p o t e n t i a l  
be tw een  an i s o la t e d  atom and an atom  o f  th e  a d s o rb in g  m edium  
was g iv e n  b y
E  -----2-
r®
w here  r  is  th e  e q u i l ib r iu m  d is ta n c e  and C i s  th e  d is p e r s io n  
c o n s ta n t  h a v in g  th e  v a lu e
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C = ^  a a ' —i l l
J  + J ’
w here  a and a* a re  th e  p o l a r i z a b i l i t i e s  o f  th e  m e ta l atom 
and th e  s u b s t r a te  atom  r e s p e c t i v e l y ,  and J  and j ’ a re  t h e i r  
c h a r a c t e r i s t i c  e n e rg ie s *
The i n t e r a c t i o n  b e tw e e n  th e  m e ta l atom  and th e  
e n t i r e  s u r fa c e  o f  th e  s u b s t r a te  c a n  be c a lc u la t e d  b y  an 
i n t e g r a t i o n  o v e r  th e  atom s o f  th e  s u b s t r a te  s u r fa c e ,  assu m in g  
t h a t  th e  d is ta n c e  b e tw e e n  th e  m e ta l atom and th e  s u r fa c e  i s  
n o t  s m a l le r  th a n  th e  d is ta n c e  b e tw e e n  th e  atom s i n  th e  
s u r fa c e .  London has  g iv e n  th e  m u tu a l d is p e r s io n  e n e rg y  
b e tw e e n  an i n f i n i t e l y  la r g e  s u r fa c e  and an i s o la t e d  atom  as
—  Ndv = -  . 0
r®  6r®
w here  N i s  th e  num ber o f  a d s o rb in g  atom s p e r  u n i t  vo lum e 
i n  th e  s u b s t r a te  and dv i s  th e  v o lu m e  e le m e n t.
An e x a c t  e v a lu a t io n  o f  th e  above e q u a t io n  i s  n o t  
p o s s ib le  s in c e  th e  c h a r a c t e r i s t i c  e n e rg ie s  o f  m o s t m e ta ls  
a re  n o t  y e t  kno w n . H o w e ve r, L o n d o n ^^  has shown t h a t  f o r  
a f i r s t  a p p ro x im a t io n ,  th e  i o n i z a t i o n  p o t e n t i a l s  o f  th e  
atom s may be u s e d  i n  p la c e  o f  th e  c h a r a c t e r i s t i c  e n e r g ie s .
M e ta ls  on  G la s s
Due t o  th e  am orphous n a tu r e  o f  g la s s  o n ly  an
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a p p ro x im a te  v a lu e  o f  N c o u ld  be o b ta in e d  and t h i s  was 
a c h ie v e d  b y  c o n s id e r in g  th e  c r y s t a l l i n e  s i l i c a  n e tw o rk  
d e s c r ib e d  b y  Z a c h a r ia s e n ^ ^ . The o x y g e n  io n s  w e re  ta k e n
t o  be th e  a d s o rb in g  io n s  s in c e  t h e i r  p o la r i z  a b i l i t y  i s  f a r  
g r e a te r  th a n  t h a t  o f  th e  s i l i c o n  io n .  F ig u re  2 .7  shows 
th e  p o s i t i o n  o f  th e  o xyg e n  io n s  i n  th e  n e tw o rk  and th e  
l a t t i c e  d im e n s io n s .  The d is ta n c e  b e tw e e n  th e  tw o  la y e r s  
i s  a ls o  shovm . From  t h i s  a r ra n g e m e n t, a c e l l  o f  d im e n s io n s  
( 3 x 2 . 6 )  X 4 .5  X 4 .2 4  c o n ta in s  a t o t a l  o f  n in e  oxyg en  
io n s ,  t h a t  i s ,  N = 0 .6 0 5  x  1 0 ^ ^  p e r c m .^ .
The p o la r i z  a b i l i t i e s  o f  io n s  w e re  ta k e n  f ro m  
Van V le c k ^ *^ , b u t  th e  p o l a r i z a b i l i t i e s  o f  u n c h a rg e d  atoms 




w here  v ^  i s  th e  c h a r a c t e r i s t i c  f r e q u e n c y  o f  th e  atom  and 
th e  o th e r  sym b o ls  have  th e  c u s to m a ry  s ig n i f i c a n c e .  The 
c h a r a c t e r i s t i c  f re q u e n c y  o f  an atom  i s  th e  f r e q u e n c y  o f  a 
s in g le  o s c i l l a t o r  s u b s t i t u t e d  f o r  a l l  th e  o s c i l l a t o r s  t h a t  
make up  th e  a to m . F o r  an  u n c h a rg e d  atom  t o  be p o la r iz e d ,  
an e le c t r o n  m us t be d is p la c e d  so t h a t  i t  l i e s  b e tw e e n  th e  
f i r s t  e x c i t a t i o n  l e v e l  and th e  f i r s t  i o n i z a t i o n  l e v e l .  I n  
m o s t c a s e s ,  th e s e  tw o le v e l s  a re  v e r y  c lo s e  anci, h e n c e , f o r
O O x y g e n
S i l i c o n
24  A.
F i g u r e  2 . 7 .  D ia g r a m  o f  t h e  c r y s t a l l i n e  s i l i c a  n e t w o r k  a f t e r
S a c h a r i a s e n  s h o w in g  t h e  l a t t i c e  p a r a m e t e r s .
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a f i r s t  a p p r o x im a t io n ,  th e  c h a r a c t e r i s t i c  f re q u e n c y  can be 
ta k e n  t o  c o r re s p o n d  to  th e  f i r s t  i o n i z a t i o n  p o t e n t i a l ,  
t h a t  i s
I  = hVQ
w here  h  i s  P la n c k ’ s c o n s ta n t  and I  i s  th e  i o n i z a t i o n  
p o t e n t i a l .  V a lu e s  o f  I  w e re  o b ta in e d  fro m  P in k e lb u r g  
end H um bach^^.
The e q u i l ib r iu m  d is ta n c e ,  r ,  was ta k e n  as th e  
mean o f  th e  d is ta n c e s  o f  c lo s e s t '  a p p ro a ch  o f  th e  atoms i n  
th e  m e ta l and th e  io n s  i n  th e  s u b s t r a t e .
The a d h e s iv e  e n e rg y  c a lc u la t e d  b y  t h i s  m e th o d  i s  
shown i n  T a b le  2 .1  f o r  a num ber o f  m e ta ls  on  g la s s .  I t  
can  be se e n  t h a t  th e  v a lu e  o f  E f o r  a lu m in iu m  i s  3 .4  K . c a l . / m o le  
in s te a d  o f  th e  v a lu e  o f  z e r o ,  as sup po sed  b y  R h o d in .  The 
r e s u l t s  o f  t h i s  c a l c u l a t i o n  ap pea r t o  be o f  th e  r i g h t  o rd e r  
s in c e ,  when com pared w i t h  th e  e x p e r im e n ta l v a lu e s  o f  A , th e  
v a lu e s  o f  E a re  a lw a ys  s l i g h t l y  le s s  th a n  th e s e  v a lu e s  o f  A , 
w h ic h  i s  as i t  s h o u ld  b e .
I t  s h o u ld  be m e n t io n e d  h e re  th a t  t h e r e  a p p e a rs  t o  
be a d is c re p a n c y  b e tw e e n  some o f  th e  v a lu e s  fo u n d  b y  R h o d in  
and th o s e  c a lc u la t e d  i n  t h i s  w o rk .  F o r e x a m p le , i n  th e  
c a l c u l a t i o n  o f  th e  d is p e r s io n  c o n s ta n t  b e tw e e n  an a lu m in iu m  
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321 X 1 0 " ^ ^  e rg s  cm .® . T h is  v a lu e  i s  th r e e  t im e s  g r e a te r  
th a n  t h a t  fo u n d  i n  t h i s  w o rk .  A s m a l l  p a r t  o f  th e  
d is c re p a n c y  i s  due t o  th e  f a c t  t h a t  R h o d in  h a s  ta k e n  a v a lu e  
f o r  th e  i o n i z a t i o n  p o t e n t i a l  o f  an oxygen i o n  as 
2 0 .5  X 1 0 “ ^ ^  e rg s ,  b u t  th e  io n  i s  d o u b ly  c h a rg e d  and s h o u ld  
t h e r e f o r e  have an i o n i z a t i o n  p o t e n t i a l  o f  8 8 .0  x  1 0 " ^ ^  e r g s .  
Ho't’^ e v e r, th e  m a jo r  p a r t  o f  th e  d is c re p a n c y  a p p e a rs  to  l i e  i n  
th e  v a lu e  o f  th e  p o la r i z  a b i l i t y  u se d  f o r  th e  a lu m in iu m  a to m . 
R h o d in  has u se d  a v a lu e  f o r  t h i s  w h ic h  i s  a p p ro x im a te ly  t h r e e  
t im e s  g r e a te r  th a n  th e  v a lu e  u se d  i n  t h i s  w o rk  w h ic h  was 
c a lc u la t e d  f ro m  th e  f i r s t  i o n i z a t i o n  p o t e n t i a l .
M e ta ls  on  C r y s ta l  F aces
The m ost fa v o u r a b le  p o s i t i o n  f o r  a d s o r p t io n  on  
th e  (1 0 0 ) fa c e  o f  an a l k a l i  h a l id e  i s  th e  c e n t re  o f  a u n i t  
c e l l  s in c e  th e r e  i s  a p o t e n t i a l  w e l l  a t t h i s  p o s i t i o n .
T h is  p o t e n t i a l  w e l l  c a n  be se e n  fro m  th e  p o t e n t i a l  e n e rg y  
s u r fa c e  o f  th e  (1 0 0 )  fa c e  o f  N aC t w h ic h  was c o n s t r u c te d  
a f t e r  O r r^ ^  and i s  sho^m. i n  F ig u r e  2 . 8 .  I f  a m e ta l atom  
i s  a d so rb e d  i n  t h i s  p o s i t i o n  th e n  th e  p o la r i z  a b i l i t i e s  and 
th e  c h a r a c t e r i s t i c  e n e rg ie s  o f  b o th  th e  a n io n  and th e  c a t io n  
o f  th e  c r y s t a l  s u r fa c e  m ust be c o n s id e re d .  M ayer"^^ has 
g iv e n  v a lu e s  f o r  th e  l a t t i c e  e n e rg y  c h a r a c t e r i s t i c s  and 
p o la r i z  a b i l i t i e s  f o r  th e  a l k a l i  h a l id e s .
The e q u i l ib r iu m  d is ta n c e ,  r ,  i s  d e p e n d e n t on  th e
5 . 6 3 A
#  A n i o n  
O  C a t i o n
X  M o s t  s u i t a b l e  s i t e  f o r  a d s o r p t i o n
F i g u r e  8 , 8 .  T h e  p o t e n t i a l  e n e r g y  s u r f a c e  o f  t h e
( 1 0 0 )  f a c e  o f  N a C l .
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s iz e  o f  th e  c a t io n  s in c e  i t  h a s  a la r g e r  r a d iu s  th a n  th e  
a n io n *  Kno^d.ng th e  d is ta n c e  b e tw e e n  c a t io n s  and th e  r a d iu s  
o f  th e  c a t io n  and th e  m e ta l a to m , th e  d is ta n c e  r  can  e a s i l y  
be e v a lu a te d *  The v a lu e  o f  N i s  a ls o  s im p le  t o  d e te rm in e *
T a b le  2 .2  g iv e s  th e  a d h e s iv e  e n e rg y  be tw ee n  th e  
m e ta ls ,  a lu m in iu m  and s i l v e r ,  and th e  s u b s t r a t e s ,  N aC t (1 0 0 )  
and K B r ( 1 0 0 ) *  Once a g a in  i t  can be se e n  t h a t  th e s e  v a lu e s  
a re  le s s  th a n  th e  v a lu e s  o f  A o b ta in e d  e x p e r im e n ta l ly *
The b in d in g  e n e rg y  f o r  a lu m in iu m  o n  NaC^t (1 0 0 )  i s  
th e  o n ly  case  w h e re  d i r e c t  c o m p a ris o n  id . th  th e  t h e o r e t i c a l  
v a lu e s  o f  R h o d in  c a n  be made and a g a in  i t  was fo u n d  t h a t  
th e  v a lu e  o b ta in e d  b y  R h o d in  was th r e e  t im e s  g r e a te r  th a n  
th e  v a lu e  c a lc u la t e d  i n  t h i s  w o rk .  A g a in  th e  d is c re p a n c y  
w o u ld  a p p e a r t o  be due t o  th e  v a lu e  ta k e n  f o r  th e  p o la r i z a -  
b i l i t y  o f  a lu m in iu m *
5 . C o n c lu s io n s
The e x p e r im e n ta l i n v e s t i g a t i o n  i n t o  th e  h e a t o f  
c o n d e n s a t io n  o f  m e ta ls  o n  v a r io u s  s u b s t r a te s  a p p e a re d  t o  
g iv e  r e l i a b l e  r e s u l t s .  H ow ever, t h i s  m e th o d  was l i m i t e d  
t o  m e ta ls  w i t h  r e l a t i v e l y  lo w  m e l t in g  p o in t s  s in c e  th e  
c r u c ib le  te m p e ra tu re s  c o u ld  o n ly  be m e a su re d  up t o  1 5 0 0 °C .
I t  was ho pe d  t o  u se  an i r i d iu m - r h o d iu m / i r id iu m  th e rm o c o u p le  
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when t h i s  th e rm o c o u p le  was f i n a l l y  o b ta in e d  i t  was fo u n d  
to  be to o  b r i t t l e  to  be u s e d  i n  th e  a p p a ra tu s *  H o w e ve r, 
th e s e  l i m i t e d  e x p e r im e n ta l r e s u l t s  in d ic a t e d  t h a t  th e  m e th o d  
o f  c a l c u la t in g  th e  t h e o r e t i c a l  a d h e s iv e  e n e rg y  gave v a lu e s  
w h ic h  w e re  o f  th e  r i g h t  o r d e r  o f  m a g n itu d e *
I t  m i l  be seen l a t e r  th a t  th e  a d h e s iv e  e n e rg y  
f o r  a w id e  ra n g e  o f  m e ta l f i lm s  on  g la s s  and c r y s t a l  
s u b s t r a te s ,  c a lc u la t e d  b y  t h i s  m e th o d , w ere com pared  w i t h  
th e  r e s u l t s  o f  th e  e x p e r im e n ta l i n v e s t i g a t i o n  o f  a d h e s io n  
u s in g  an a p p a ra tu s  d e s c r ib e d  b y  H eavens* T h is  c o m p a r is o n  
gave an i n d i c a t i o n  o f  th e  m echan ism  c a u s in g  a d h e s io n  b e tw e e n  
th e  f i lm s  and th e  s u b s t r a t e s .
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CHAPTER 3
DEPOSITION OF THIN FILMS
1 .  I n t r o d u c t lo n
T h in  f i lm s  c an be d e p o s ite d  i n  vacuum  b y  tw o 
m e th o d s , n a m e ly , e v a p o r a t io n  and c a th o d ic  s p u t t e r in g .  The 
m a t e r ia l  t o  be d e p o s ite d  b y  e v a p o r a t io n  i s  h e a te d  i n  a 
cham ber e x h a u s te d  t o  a p re s s u re  o f  10*"^ mm. o f  m e rc u ry  o r  
lo w e r .  The v a p o r iz e d  m a t e r ia l  can  th e n  le a v e  th e  s o u rc e  
r e l a t i v e l y  u n im ped ed  b y  a i r  o r  o th e r  gas m o le c u le s  and move 
i n  s t r a i g h t  l i n e s  t o  condense  on th e  s u b s t r a te  s u r fa c e .
The te c h n iq u e  o f  s p u t t e r in g  em p loys  an e l e c t r i c a l  d is c h a rg e  
a t  a p re s s u re  o f  th e  o rd e r  o f  10“ ^  mm. o f  m e rc u ry .  The 
io n  bom bardm ent o f  t h i s  d is c h a rg e  te a r s  away p a r t i c l e s  fro m  
a c a th o d e  made o f  th e  m a t e r ia l  t o  be d e p o s ite d .  The 
p a r t i c l e s  d i f f u s e  th r o u g h  th e  d is c h a rg e  t o  condense  on th e  
s u b s t r a te  s u r fa c e .  O n ly  met a ls  ca n  be u s e d  as th e  c a th o d e  
m a t e r ia l  b u t b y  c o n t r o l l i n g  th e  r e s id u a l  gas i n  th e  cham ber 
f i lm s  o f  e i t h e r  a m e ta l o r a m e t a l l i c  com pound can  be 
d e p o s i te d .
I n  b o th  m e th od s  th e  s t r u c t u r e  and p r o p e r t ie s  o f  
th e  f i l m  a re  d e p e n d e n t u p o n  th e  c o n d i t io n s  u n d e r  w h ic h  th e y
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a re  d e p o s ite d .  The m ore im p o r ta n t  c o n d i t io n s  w h ic h  a re  
l i a b l e  to  in f lu e n c e  th e  f o im a t io n  o f  a t h i n  f i l m  a re :  th e
c o n d i t io n  o f  th e  s u b s t r a te  s u r fa c e ,  th e  f a t e  o f  e v a p o r a t io n  
and th e  r e s id u a l  g a s . The m a jo r i t y  o f  th e  t h i n  f i lm s  
e xa m in ed  i n  t h i s  i n v e s t i g a t i o n  w e re  d e p o s ite d  b y  e v a p o r a t io n  
and a s ta n d a rd  p ro c e d u re  was a d o p te d  t o  c o n t r o l  th e  in f lu e n c e  
o f  th e  above c o n d i t io n s .
2 .  The S u b s tra te  S u r fa c e
The c le a n l in e s s  o f  th e  s u b s t r a te  s u r fa c e  i s  o f  
p r im e  im p o rta n c e  i n  th e  i n v e s t i g a t i o n  o f  a d h e s io n .  A 
c o n ta m in a t in g  s u r fa c e  la y e r  w o u ld  p r e v e n t  th e  s h o r t  ra n g e  
a t t r a c t i v e  fo r c e s  o f  th e  s u b s t r a te  in f l u e n c in g  th e  c o n d e n s in g  
m e ta l a tom s.
Where th e  s u b s t r a te  was a c r y s t a l l i n e  m a t e r i a l ,  a 
f r e s h  f l a t  s u r fa c e  was e xp o se d  b y  c le a v a g e  im m e d ia te ly  
b e fo re  use and th e  s u b s t r a te  was p la c e d  d i r e c t l y  i n  th e  
e v a p o ra t io n  ch a m b e r. T h is  p ro c e d u re  p re v e n te d  g ro s s  
c o n ta m in a t io n  o f  th e  s u r fa c e .  G la s s  and p l a s t i c  s u b s t r a te s  
w ere  s e le c te d  to  h a ve  a v e r y  sm oo th  s u r fa c e  and t h i s  s u r fa c e  
was s u b je c te d  to  a f a i r l y  v ig o ro u s  c le a n in g  p ro c e s s .  The 
s u r fa c e  was f i r s t  w ashed w i t h  c o t t o n  w o o l soa ked  i n  th e  
d e te rg e n t  ' t e e p o l *  • T h is  rem oved  a la r g e  am ount o f  g re a s e  
c o n ta m in a t io n  due t o  h a n d l in g .  The s u r fa c e  was th e n
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t h o r o u g h ly  r in s e d  i n  w a te r ,  d r ie d  i fd th  c o t t o n  w o o l,  and 
f i n a l l y  p o l is h e d  w i t h  le n s  c le a n in g  t i s s u e .  T h is  te c h n iq u e  
gave a r e a s o n a b ly  c le a n  g r e a s e - f r e e  s u r fa c e .
B o th  ty p e s  o f  s u b s t r a te  s u r fa c e  w e re  s u b je c te d  to  
a c le a n in g  p ro c e s s  u n d e r  vacuum . An e l e c t r i c a l  g lo w  
d is c h a rg e  was p a s s e d  th r o u g h  th e  e v a p o r a t io n  cham ber f o r  
a p p r o x im a te ly  te n  m in u te s  a t  a p re s s u re  o f  1 0 ^  -  l 5 ^  mm. H g .
The io n  bom bardm ent f ro m  t h i s  d is c h a r g e  rem o ved  any f i n a l  
c o n ta m in a t io n  w h ic h  m ig h t  be a d h e r in g  to  th e  s u r fa c e .
I n  a l l  ca se s  th e  f i lm s  w e re  d e p o s ite d  on th e  
s u b s t r a te s  a t  room  te m p e r a tu r e .  O v e rh e a t in g  o f  th e  
s u b s t r a te  b y  th e  s o u rc e  was p re v e n te d  b y  a la r g e  s o u rc e  t o  
s u b s t r a te  d is ta n c e  and a r a p id  r a t e  o f  e v a p o r a t io n .
3 .  The R a te  o f  E v a p o ra t io n
c
Many w o rk e rs ,  n o t a b ly  L e v in s t e in  and Sennet t  
and S c o t t ^ ^ ,  have sho^m. th e  e f f e c t  o f  v a r y in g  th e  r a t e  o f  
e v a p o r a t io n  on  th e  s t r u c t u r e  o f  t h i n  f i l m s .  T h is  v a r i a t i o n  
a l t e r s  b o th  th e  v e l o c i t y  a t  v i i i c h  th e  atom s a r r i v e  on  th e  
s u b s t r a te  and th e  i n t e n s i t y  o f  th e  v a p o u r  beam . F rom  th e  
above Tn/ork i t  a p p e a rs  t h a t  th e  v a r i a t i o n  o f  th e  i n t e n s i t y  
o f  t h e  v a p o u r  beam i s  th e  im p o r ta n t  f a c t o r ,  th e  a g g re g a t io n  
i n  th e  f i l m  s t r u c t u r e  te n d in g  t o  d e c re a s e  as th e  i n t e n s i t y  
in c r e a s e s .  T h e re fo r e ,  th e  r a t e  o f  e v a p o r a t io n  was c o n s id e re d
44
t o  be  an im p o r ta n t  e x p e r im e n ta l  c o n d i t i o n  and was re c o rd e d  
f o r  each  f i l m  d e p o s i te d .
4 . The R e s id u a l Gas
When d is c u s s in g  th e  in f lu e n c e  o f  th e  r e s id u a l  gas 
th e  p re s s u re  and th e  n a tu re  o f  th e  gas m u s t be c o n s id e r e d .
F o r  a f i l m  t o  be d e p o s ite d  b y  e v a p o r a t io n ,  th e
mean f r e e  p a th  o f  th e  v a p o r iz e d  atom s m ust be la r g e  com pared
w i t h  th e  s o u rc e  t o  s u b s t r a te  d is ta n c e .  I n  th e  a p p a ra tu s  t o
be u s e d  i n  t h i s  i n v e s t i g a t i o n  t h i s  d is ta n c e  was 25 cm . and ,
w4 ” 5b y  w o rk in g  a t  p re s s u re s  o f  10 - 1 0  mm. H g . , th e  mean f r e e
p a th  o f  th e  m e ta l a tom s w o u ld  be 3 0 -3 0 0  cm. T h e re fo r e ,  th e  
m e ta l atom s w o u ld  make v e r y  fe w  c o l l i s i o n s  w i t h  th e  r e s id u a l  
gas m o le c u le s  on t h e i r  jo u r n e y  f ro m  s o u rc e  t o  s u b s t r a t e .
A t th e  above p re s s u re s  th e  num ber o f  r e s id u a l  gas 
m o le c u le s  s t r i k i n g  th e  s u b s t r a te  s u r fa c e  i s  n o t s m a ll 
com pared  w i t h  th e  r a t e  o f  c o n d e n s a t io n  o f  th e  m e ta l a to m s. 
C o n ta m in a t io n  o f  th e  d e p o s ite d  f i l m  m ay o c c u r  e s p e c ia l l y  i f  
th e  c o n d e n s in g  atom s have an a f f i n i t y  f o r  th e  r e s id u a l  g a s . 
The m o s t h a r m fu l c o n s t i t u e n t  o f  th e  r e s id u a l  gas n o r m a l ly  
p re s e n t  i n  a c o n t in u o u s ly  e v a c u a te d  sys te m  is  o x y g e n . To 
m in im is e  th e  c o n ta m in a t io n  o f  f i lm s  i n  t h i s  i n v e s t i g a t i o n ,  
th e  m e ta l t o  be d e p o s ite d  was h e a te d  w i t h  a s h u t t e r  s h ie ld in g  
th e  s u b s t r a te  s u r fa c e .  I f  th e  v a p o r iz e d  m e ta l r e a c te d  w i t h
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th e  r e s id u a l  o x y g e n , th e r e  was a d ro p  i n  th e  gas p re s s u re  
due t o  g e t t e r i n g .  I f  th e  s h u t t e r  was th e n  rem oved and th e  
f i l m  r a p i d l y  d e p o s i te d ,  th e  d e g re e  o f  f i l m  c o n ta m in a t io n  
was re d u c e d .  T h is  p r e l im in a r y  h e a t in g  o f  th e  s o u rc e  and 
th e  u se  o f  a s h u t t e r  a ls o  p re v e n te d  a n y  c o n ta m in a t io n  on th e  
s o u rc e  o r  th e  m e ta l c h a rg e  fro m  r e a c h in g  th e  s u b s t r a t e .  
S t a r t i n g  and s to p p in g  th e  f o im a t io n  o f  a f i l m  b y  use  o f  a 
s h u t t e r  a s s is te d  i n  th e  e s t im a t io n  o f  th e  r a t e  o f  e v a p o r a t io n .
5 .  E v a p o ra t io n  S o u rce s
The m e ta l t o  be e v a p o ra te d  m ust be h e a te d  i n  a 
s u i t a b le  s o u rc e  and th e  shape and m a t e r ia l  u s e d  f o r  th e  
s o u rc e  de pend  u p o n  th e  m e ta l .  The m e ta l may be i n  th e  
fo rm  o f  w i r e ,  f o i l  o r  c h ip s ,  and may w e t ,  o r  e ve n  a l l o y  
m t h ,  th e  s o u rc e  m a t e r i a l .  The re  a re  tw o  s im p le  ty p e s  o f  
s o u rc e  b o th  o f  w h ic h  w ere  u s e d . The f i r s t  i s  a b o a t o r  
t r o u g h  p re s s e d  o u t o f  s h e e t m a t e r i a l ,  and th e  se co n d  i s  a 
c o n ic a l  b a s k e t w ound f ro m  w i r e .  These s o u rc e s  w ere  h e a te d  
b y  p a s s in g  a h ig h  e l e c t r i c  c u r r e n t  th r o u g h  th e m . The 
m a t e r ia l  u se d  f o r  th e  s o u rc e  m ust have  a h ig h  m e l t in g  p o in t  
and a lo w  v o l a t i l i t y  and th e  m o s t com m only u s e d  m a t e r ia ls  
a re  tu n g s te n ,  t a n ta lu m  and m o lybdenum . I f  th e  m e ta l t o  be 
e v a p o ra te d  fo rm s  an a l l o y  ^^dth th e  s o u rc e  m a t e r i a l ,  th e  
s o u rc e  i s  l i a b l e  t o  be c o m p le te ly  d is s o lv e d .  To p r e v e n t
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t h i s  th e  vo lu m e  o f  th e  s o u rc e  m a t e r i a l  m u s t be k e p t  la r g e  
com pared w i t h  t h a t  o f  th e  m e ta l .  The use  o f  m u l t i - s t r a n d  
w ir e  h e lp s  i n  t h i s  p ro b le m . F ig u r e  3 .1  g iv e s  an id e a  o f  
th e  shapes o f  th e  s o u rc e s  u se d  w h i le  T a b le  3 .1  g iv e s  d e t a i l s  
o f  th e  te c h n iq u e s  u s e d  f o r  e v a p o r a t in g  t h e  in ld e  ra n g e  o f  m e ta ls
6 • A p p a ra tu s
A la r g e  b e l l  j a r ,  36 cm. i n  d ia m e te r  and 66 cm. 
i n  h e ig h t ,  was u se d  as th e  w o rk in g  ch a m b e r. The b e l l  j a r ,  
s e a le d  t o  a h e a v y  b a s e p la te  b y  a f i t t e d  ru b b e r  g a s k e t ,  was 
e v a c u a te d  b y  th e  vacuum  u n i t  shown i n  F ig u r e  3 .2 .  M oun ted  
d i r e c t l y  b e lo w  th e  b a s e p la te  was a f l a p  v a lv e  and a 2 "
M e tro v a c  o i l  d i f f u s i o n  pump. The m a in  pu m p ing  l i n e  r a n  
f ro m  a t w  s ta g e  M e tro v a c  r o t a r y  pump on a n t i - v i b r a t i o n  
m o u n t in g s  a t th e  b o tto m  o f  th e  u n i t  th r o u g h  a m e ta l 
p h o s p h o ro u s  p e n t o x id e  t r a p  to  a vacuum  s to p c o c k  a t th e  t o p  
o f  th e  u n i t .  S id e  c o n n e c t io n s  f ro m  t h i s  p u m p in g  l i n e  p a sse d  
th r o u g h  v a lv e s  d i r e c t l y  t o  th e  cham ber and to  th e  b a c k in g  
s id e  o f  th e  d i f f u s i o n  pump. P re s s u re  g a u g e s , r o t a t i n g  s e a ls ,  
in s u la t e d  e le c t r o d e s ,  and th e  a i r  le a k  v a lv e  w e re  c o n n e c te d  
d i r e c t l y  t o  th e  w o rk in g  cham ber b y  means o f  p lu g s  i n  th e  
b a s e p la te .  These p lu g s  w e re  f i t t e d  i n t o  m a c h in e d  h o le s  
c o u n te r  b o re d  on th e  u n d e rs id e  o f  th e  b a s e p la te  and w ere  
t ig h te n e d  down on  t o  0 - r in g s  b y  n u ts  on th e  u p p e r  s i  d e .
nu uni
M o ly b d e n u m  b o a t  
p r e s s e d  o u t  o f  
0 . 1  mm. s h e e t .
T a n t a l u m  b o a t  
m ade o u t  o f
0 . 1  mm. s h e e t .
A
T u n g s t e n  b a s k e t  
w o u n d  f r o m  s i n g l e  
s t r a n d  1 mm. w i r e  
o r  t h r e e  s t r a n d s  
o f  0 , 5  mm. v / i r e .
F i g u r e  3 , 1 ,  D e s c r i p t i o n  o f  e v a p o r a t i o n  s o u r c e s .
t m :le 3.1
The e v a p o r a t io n  te c h n iq u e s  f o r  v a r lo u s  m e ta ls
M et a l Form Source Rem a rk s
A liH n in iu m W ire W s tra n d e d  
b a s k e t
A l lo y s  m t h  W
C admlum C h ip s Mo b o a t
Chrom ium C h ip s W b a s k e t
C o pp er F o i l Ta , Mo b o a t Does n o t w e t 
s o u rc e
G o ld W ire W b a s k e t P a r t i  a l l y  
w e ts  s o u rc e
I r o n W ire W s tra n d e d  
b a s k e t
A l lo y s  w i t h  
s o u rc e
Lead F o i l Mo b o a t Does n o t  w e t 
s o u rc e
Magne s ium W ipe W b a s k e t
M anganese C h ip s W b a s k e t
M olybdenum Mo mdre
N ic k e l W ire W s tra n d e d  
b a s k e t
A l lo y s  w i t h  
s o u rc e
S i l v e r Wi re Mo b o a t
T in F o i l Ta b o a t
T ita n iu m C h ip s W b a s k e t A l lo y s  w i t h  
s o u rc e
Z irc o n iu m C h ip s w b a s k e t A l lo y s  w i t h  
s o u rc e
Z in c C h ip s W b a s k e t
W o r k in g  C h a m b e r
V acuum
S t o p c o c k
■■—^  IvIcXiGOd 
_  G au g e
B a s e p l a t e
A i r
L e a k
C o o l i n g
W a t e r
F l a p  B y p a s s  
V a l v e  V a l v e
B a c k i n g
V a l v e
D i f f u s i o n ___
Pump
A i r
L e a kJL
R o t a r y
Pump
E l e c t r i c
M o t o r
F i g u r e  3 . 2 .  T h e  v a c u u m  u n i t .
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P re s s u re s  i n  th e  w o rk in g  cham ber w e re  m easu red  b y  
a McLeod gauge and a h o t  f i la m e n t  i o n i z a t i o n  g a u g e . The 
McLeod g a u g e , c o n n e c te d  t o  th e  vacuum  s to p c o c k ,  m ea su re d  
p re s s u re s  dov^ m t o  th e  o rd e r  o f  1 0 "^  mm. H g . and was u se d  
f o r  th e  i n i t i a l  e v a c u a t io n  o f  th e  cham ber b y  th e  r o t a r y  
pump. The i o n i z a t i o n  g a u g e , c o n n e c te d  d i r e c t l y  t o  th e  
w o rk in g  ch a m b e r, m e a su re d  th e  f i n a l  p re s s u re  o b ta in e d  b y  
th e  d i f f u s i o n  pum p.
The g lo w  d is c h a rg e  e le c t r o d e s  w ere made fro m  
a lu m in iu m , a m e ta l ^ d th  a lo w  r a t e  o f  s p u t t e r in g .  The 
e le c t r o d e s  w e re  c o n n e c te d  th ro u g h  in s u la t e d  p lu g s  i n  th e  
b a s e p la te  t o  a h ig h  v o l ta g e  pow er s u p p ly .  The s u p p ly  o f  
a p p ro x im a te ly  2 k i l o v o l t s  was c o n t r o l l e d  b y  a V a r ia c .  T h is  
g lo w  d is c h a rg e  n o t  o n ly  c le a n e d  th e  s u b s t r a te  s u r fa c e s  b u t  
a ls o  c le a n e d  and o u tg a s s e d  th e  w a l ls  o f  th e  w o rk in g  cham ber 
a l lo w in g  th e  f i n a l  p re s s u re  t o  be re a c h e d  i n  a s h o r t e r  t im e .
The e v a p o r a t io n  s o u rc e s  w e re  c la m p e d  t o  he avy  
b ra s s  b lo c k s  b o l t e d  t o  in s u la t e d  p lu g s  i n  th e  b a s e p la te .
The s o u rc e s  w ere  h e a te d  b y  p a s s in g  a c u r r e n t  o f  0 -6 0  amperes 
th ro u g h  them  fro m  a lo w  v o l ta g e  t r a n s fo r m e r  c o n t r o l l e d  b y  a 
V a r ia c  •
I t  was p ro p o s e d  t o  m easure  th e  th ic k n e s s  o f  each 
f i l m  d e p o s ite d  and t h e r e f o r e  a g la s s  b la n k  was s i t u a t e d  
b e s id e  th e  s u b s t r a te  t o  c o l l e c t  an i d e n t i c a l  f i l m .  The
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t h ic k n e s s  o f  th e  d e p o s i t  on t h i s  g la s s  b la n k  was m easu red  
b y  m u l t i  p ie - b e  am i n t  e r f  e r  o m e try . To e n s u re  t h a t  th e  t h i c k ­
n e ss  o f  th e  d e p o s it  d id  n o t  v a r y  o ve r th e  s u b s t r a te  and th e  
g la s s  b la n k ,  t h e  tw o  s u r fa c e s  w e re  p la c e d  s y m m e t r ic a l ly
above th e  s o u rc e  a t  a d is ta n c e  o f  a p p r o x im a te ly  25 cm • I t
4-Phas been  shown t h a t  th e  th ic k n e s s  v a r i a t i o n  o v e r  q u i t e  a 
la r g e  a re a  a t  t h i s  d is ta n c e  f ro m  th e  s o u rc e  w o u ld  be 
n e g l i g i b l e .  The s u r fa c e s ,  h a v in g  r e c e iv e d  a d e p o s it  o f  
th e  sp e c im e n  f i l m ,  w ere  th e n  r o t a t e d  so t h a t  th e  f i l m  on th e  
g la s s  b la n k  r e c e iv e d  a h i g h ly  r e f l e c t i n g  c o a t in g  o v e r  one 
edge w h ic h  i s  r e q u i r e d  f o r  th e  th ic k n e s s  m e a s u re m e n t. T h is  
WS.3 a c h ie v e d  b y  th e  f o l l o w in g  t u r n - t a b le  d e v ic e  c o n t r o l l e d  
f ro m  o u ts id e  th e  ch a m b e r.
A p e rs p e x  d i s c ,  l / 4 ”  t h i c k  and 1 0 ^ "  i n  d ia m e te r ,  
w r a s - r ig id ly  f i x e d  30 cm* above th e  b a s e p la te .  A seco nd  
d is c  o f  th e  same d im e n s io n s  was p la c e d  on to p  o f  th e  f i x e d  
d is c  and c o u ld  be r o t a t e d  b y  a g e a re d  m echan ism  th ro u g h  a 
W ils o n  s e a l i n  th e  b a s e p la te .  Two s l o t s ,  3 "  x  1 " ,  w e re  
c u t  i n  th e  u p p e r  d is c  t o  h o ld  th e  s u b s t r a te  m a t e r ia l  end 
th e  g la s s  b la n k . G la s s  and p l a s t i c  s u b s t r a te s  w e re  u s u a l ly  
o f  t h i s  s iz e  and w e re  h e ld  i n  th e  s lo t s  c lo s e  t o  th e  lo w e r  
d is c  b y  sh im  b ra s s  p ie c e s .  The c r y s t a l l i n e  s u b s t r a te s ,  
b e in g  s m a l le r ,  r e q u i r e d  a s e c o n d a ry  h o ld e r  w h ic h  c o u ld  e a s i l y  
be s l ip p e d  i n t o  th e  3 "  x  1 "  s l o t .  ^^^indows w e re  c u t  i n  th e
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lo w e r  d is c  a t  a p p r o p r ia te  p o s i t io n s  above th e  e v a p o r a t io n  
s o u rc e s  and th e  shape and s iz e  o f  th e s e  w indow s d e te rm in e d  
th e  a re a  on w h ic h  th e  f i l m  was d e p o s i te d .  I n  o r d e r  t h a t  
th e  im p in g in g  atom s o f  th e  e v a p o ra te  s h o u ld  n o t  be i n t e r ­
f e r e d  w i t h  i n  any w a y , th e  edges o f  th e  w indow s o f  th e  lo w e r  
d is c  ^"'6re  c h a m fe re d . T h is  a ls o  gave a à h a rp  edge to  th e  
f i lm s  w h ic h  was r e q u i r e d  f o r  th e  f u t u r e  th ic k n e s s  m e a s u re ­
m e n ts . F ig u r e  3 .3  shows a c r o s s - s e c t io n  th ro u g h  th e  u p p e r  
and lo w e r  d is c s  and F ig u re  3 .4  shows a p la n  v ie w  o f  th e  
h o ld e r  f o r  th e  s m a ll s u b s t r a t e s .  A g e n e ra l v ie w  o f  th e  
w o r k in g  cham ber i s  g iv e n  i n  P la te  3 . 1 .
7 . C a th o d ic  S p u t te r in g
The a p p a ra tu s  f o r  t h e  d e p o s i t io n  o f  a f i l m  b y  
c a th o d ic  s p u t t e r in g  i s  s h o rn  i n  F ig u r e  3 .5 .  The w o r k in g  
cham ber was s m a l l ,  b e in g  th e  to p  o f  a d e s s ic a to r  20 cm. 
i n  d ia m e te r  and 15 cm. i n  h e ig h t .  The c a th o d e , i n  th e  fo rm
o f  a c i r c u l a r  d is c ,  was a t ta c h e d  to  a h e a v y  b ra s s  r o d  h e ld  
i n  th e  cham ber b y  a r u b b e r  b u n g . The cham ber was s e a le d  
t o  a h e a v y  m e ta l b a s e p la te  b y  a ru b b e r  g a s k e t and e v a c u a te d  
b y  a r o t a r y  pump c a p a b le  o f  g iv in g  p re s s u re s  le s s  th a n
0 .0 0 1  mm. H g . C o n n e c t io n s  to  th e  cham ber w ere  made b y  
p lu g s  as d e s c r ib e d  e a r l i e r .  The c a th o d e  was e a r th e d  and 
th e  h ig h  v o l ta g e  was a p p l ie d  to  th e  b a s e p la te  and c o n t r o l l e d
S h im  B r a s s  P i e c e s
S u b s t r a t e U p p e r
D i s c
n i t t i r r i  / / / /  in m irjjiiim zz i u innnrrT .
L o w e r
D i s c
W in d o w  w i t h  c h a m f e r e d  e d g e s
F i g u r e  3 . 3 ,  S e c t i o n  t h r o u g h  u p p e r  a n d  l o w e r  d i s c s
s h o w in g  t h e  p o s i t i o n  o f  t h e  s u b s t r a t e  a b o v e  
t h e  v / in d o w .
S u b s t r a t e
H o l d e r  S u b s t r a t e
U p p e r
D i s c
B r a s s  L e d g e
IT
—B r a s s  B a r
P e r s p e x
B l o c k
B r a s s  B o l t s -
F i g u r e  3 . 4 .  S e c t i o n  a n d  p l a n  o f  s u b s t r a t e  h o l d e r .
A -  W indows i n  lo w e r  r i g i d  d i s c .  
B -  S lo ts  f o r  s u b s t r a te s  i n  
u p p e r r o t a t i n g  d i s c ,
C -  C r y s t a l  s u b s t r a te  h o ld e r .
D -  G low  d is c h a rg e  e le c t r o d e s ,
E -  S h u t te r ,
P -  E v a p o ra t io n  s o u rc e ,
G -  G e a r in g  m e ch a n ism .
P la te  5 .1 ,  The w o rk in g  c h a m b e r,
C o o l i n g  J a c k e t
Vacuum  
G to p c o c k  
_ _ _  M c L e o d  
G aug e  .
C a t h o d eG a s k e t
I n s u l a t i n g
M a t e r i a l Subs t r a te
777^7^)////T^TtMXW^ 
j B a s e p l a t e
> r_ i ( a n o d e )1 \J'^ Rubber
C o n n e c t i o n s
N e e d le
V a l v e
A i r
I n l e t
V a l v e
JLE l e c t r i c
M o t o r
F i g u r e  3 . 5 .  T h e  s p u t t e r i n g  u n i t
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b y  a V a r la c *  The m a in  p u m p ing  l i n e  and th e  a i r  i n l e t  
v a lv e s  w e re  in s u la t e d  f ro m  th e  b a s e p la te  b y  r u b b e r  
c o n n e c t io n s  and f u r t h e r  i n s u la t i n g  m a t e r ia l  ro u n d  th e  
b a s e p la te  p re v e n te d  i t  b e in g  to u c h e d  -when th e  cham ber was 
i n  p o s i t i o n .  The p re s s u re  i n  th e  cham ber was m easu red  b y  
a McLeod gauge a t ta c h e d  to  th e  vacuum  s to p c o c k  and a P i r a n i  
gauge c o n n e c te d  d i r e c t l y  t o  th e  ch a m b e r.
^%en a m e ta l i s  s p u t te r e d ,  th e  p a r t i c l e s  le a v in g  
th e  c a th o d e  s u r fa c e  may re a c h  th e  s u b s t r a te  s u r fa c e  as f r e e  
atom s o r  i n  c h e m ic a l c o m b in a t io n  ^prith r e s id u a l  gas m o le c u le s .  
T h is  depends on  th e  n a tu r e  o f  th e  r e s id u a l  g a s . Pure m e ta l 
f i lm s  can be d e p o s ite d  b y  h a v in g  an i n e r t  r e s id u a l  gas w h i le  
th e  m e ta l o x id e  ca n  be fo rm e d  b y  h a v in g  o xyg e n  o r  a i r  as th e  
r e s id u a l  g a s . I f  any  gas o th e r  th a n  a i r  was u se d  i n  th e s e  
i n v e s t ig a t io n s  th e  cham ber was f lu s h e d  s e v e r a l  t im e s  '^ Ath 
t h i s  gas b e fo r e  th e  f i n a l  s p u t t e r in g  c o n d i t io n s  w ere  re a c h e d . 
The s u b s t r a te  s u r fa c e s  w e re  p re p a re d  i n  th e  m anner p r e v io u s ly  
d e s c r ib e d  and th e  s u b s t r a te s  w e re  m ou n te d  o n  a m e ta l t a b le  
5 cm. b e lo w  th e  c a th o d e .  The r a t e  o f  s p u t t e r in g  o f  a m e ta l 
depends on th e  m e ta l ,  th e  n a tu re  and p re s s u re  o f  th e  r e s id u a l  
g a s , and th e  v o l ta g e  and c u r r e n t  o f  th e  d is c h a r g e ,  a l l  o f  
w h ic h  w ere  re c o rd e d  f o r  each f i l m  d e p o s i te d .  O v e rh e a t in g  
o f  th e  s u b s t r a te  and th e  c a th o d e  was p re v e n te d  b y  w a te r - c o o l in g  
th e  c a th o d e  a n d , w h e re  th e  r a t e  o f  s p u t t e r in g  o f  th e  m e ta l
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was s lo w  and e x c e s s iv e  h e a t in g  m ig h t  o c c u r ,  th e  s p u t t e r in g  
p ro c e s s  was in t e r r u p t e d  to  a l lo w  th e  c a th o d e  to  c o o l .
The c o n d i t io n s  u n d e r w h ic h  th e  m e ta l f i l m s  to  be 
in v e s t ig a t e d  w ere  d e p o s ite d  have been  d is c u s s e d  i n  d e t a i l  
t o g e th e r  with th e  a p p a ra tu s  f o r  th e  p u rp o s e .  A p a r t  f ro m  
k e e p in g  th e s e  c o n d i t io n s  re a s o n a b ly  c o n s ta n t  no e la b o r a te  
p r e c a u t io n s  w e re  ta k e n .  T h is  has th e  a d va n ta g e  o f  c lo s e l y  
f o l l o w in g  th e  c o n d i t io n s  used  i n  la b o r a t o r y  and p r o d u c t io n  
te c h n iq u e s  and t h e r e f o r e  th e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  
c o u ld  be a p p l ie d  t o  t h a t  t y p e  o f  w o rk . -
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CHAPTER 4
THE MEASUREMENT OF F i m  THICKNESS
1 .  I n t r o d u o t l  on
As m e n tio n e d  i n  th e  p r e v io u s  c h a p te r , th e  th ic k n e s s  
o f  e a ch  f i l m  d e p o s ite d  was m e a su re d  b y  m u l t i  p ie -b e  am i n t e r -  
f e r o m e t r y .  T h is  t e c h n iq u e , . d e v e lo p e d  b y  T o la n s k y "^ ^ , i s  
now w e l l - e s t a b l i s h e d .  The f i l m ,  th e  th ic k n e s s  o f  w h ic h  i s  
t o  be m e a s u re d , i s  d e p o s ite d  on  a s u r fa c e ,  p a r t  o f  w h ic h  i s  
c o v e re d  t o  g iv e  a s h a rp  edge t o  th e  f i l m .  An opaque 
m e t a l l i c  h i g h ly  r e f l e c t i n g  la y e r  i s  th e n  d e p o s ite d  o v e r  th e  
edge o f  th e  f i l m .  The s te p  i n  t h i s  o v e r la y s r  i s  m ea su re d  
b y  u s in g  i t  as one s u r fa c e  o f  an in t e r f e r o m e t e r  and v ie-w dng 
th e  m u l t i  p ie -b e ’am f r i n g e  s y s te m  i n  r e f l e c t i o n .  P ro v id e d  
t h a t  th e  o v e r la y e r  assumes th e  e x a c t c o n to u r  o f  th e  s u r fa c e ,  
t h i s  s t e p - h e ig h t  w i l l  g iv e  th e  th ic k n e s s  o f  th e  f i l m  u n d e r ­
n e a th .  T o la n s k y  has g iv e n  adeq ua te  e v id e n c e  t h a t  s i l v e r  
f u l f i l s  th e  n e c e s s a ry  re q u ire m e n ts  b o th  i n  i t s  h ig h  
r e f l e c t i v i t y  and i t s  a b i l i t y  t o  c o n to u r  th e  s u r fa c e .
T h e re  a re  tw o  m u l t ip le - b e a m  f r i n g e  s y s te m s , f r in g e s  
o f  e q u a l t h ic k n e s s  (P iz e a u  f r i n g e s ) ,  and f r in g e s  o f  e q u a l 
c h ro m a t ic  o r d e r . The m u lt ip le -b e a m  P iz e a u  f r i n g e  s y s te m ,
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b e in g  s l i g h t l y  s im p le r  e x p e r im e n ta l ly ,  was u se d  i n  th e s e  
in v e s t ig a t io n s .  I n  t h i s  s y s te m , th e  in t e r f e r o m e t e r  i s  
i l l u m in a t e d  b y  a p a r a l l e l  m o n o c h ro m a tic  beam a t  n o rm a l 
in c id e n c e  and th e  f i n e  d a rk  f r in g e s  on  a b r i g h t  b a c k g ro u n d  
a re  v ie w e d  b y  a lo w -p o w e r m ic ro s c o p e .  B y a d ju s t in g  th e  
a i r  wedge be tw ee n  th e  tw o  s u r fa c e s  o f  t h e  in t e r f e r o m e t e r  
th e  f r in g e s  can  be made t o  c ro s s  p e r p e n d ic u la r  to  th e  s te p .
The d is p la c e m e n t o f  th e  f r i n g e s  on c r o s s in g  th e  s te p  i s  
e x p re s s e d  as a f r a c t i o n  o f  th e  f r i n g e  s p a c in g  and g iv e s  th e  
f i l m  th ic k n e s s  i n  u n i t s  o f  X /2 ,  w here  X i s  th e  w a v e le n g th  
o f  th e  m o n o c h ro m a tic  l i g h t .  H ow ever, th e  q u a l i t y  o f  th e  
f r i n g e  s y s te m , t h a t  i s ,  th e  f r i n g e  i ^ d t h  and th e  c o n t r a s t  
to  th e  b a c k g ro u n d , i s  in f lu e n c e d  b y  c e r t a i n  f a c t o r s  b o th  
i n  th e  in t e r f e r o m e t e r  and th e  o p t i c a l  a rra n g e m e n t i l l u m i n a t i n g  
i t . '  T o la n s k y  has g iv e n  d e t a i l e d  a t t e n t i o n  t o  a l l  th e s e  
f a c t o r s  w h ic h  were ta k e n  i n t o  a cco u n t id ie n  s e t t i n g  up  th e  
a p p a ra tu s .
2 .  A p p a ra tu s
A d ia g ra m  o f  th e  in t e r f e r o m e t e r  i s  shovm i n  
F ig u r e  4 .1 .  The f i l m  t o  be m e a su re d  was d e p o s ite d  on p a r t  
o f  a g la s s  b la n k ,  3 "  x  1 " ,  i n  su ch  a way t h a t  i t  had  a 
c l e a r l y  d e f in e d  e d g e . An opaque o v e r la y e r  o f  s i l v e r  was 
d e p o s ite d  o v e r  th e  edge o f  th e  f i l m .  An o p t i c a l  f l a t ,  a ls o
Opt l e a l  F la t
. ’ • ' * . • * '
■ . ' . ' . . ' ' ' ' ' ' '
■/ / ■/ / /  /  /  /  /  /  /  /  /  / ■ ■/ —/ - y “ P a r t i a l l y  t r a n e m i t t in g
m e ta l f i l m
/ / / / / / / / ' U M M U i o v e r l a y e r  o b e  m e a s u r e d
G l a s s  B l a n k
F i g u r e  4 , 1 .  D ia g r a m  o f  t h e  i n t e r f e r o m e t e r .
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c o a te d  w i t h  a h ig h  r e f l e c t i n g ,  b u t p a r t i a l l y  t r a n s m i t t in g  
m e ta l f i l m  was p la c e d  i n  c lo s e  c o n ta c t  m t h  th e  g la s s  b la n k  
t o  fo rm  an in t e r f e r o m e t e r .
The a i r  wedge b e tw e e n  th e  tw o  s u r fa c e s  o f  th e  
in t e r f e r o m e t e r ,  c o n t r o l l i n g  t h e  d i r e c t i o n  and s p a c in g  o f  
th e  f r i n g e s ,  was fo rm e d  b y  th e  j i g  shown i n  F ig u r e  4 .2 .
The o p t i c a l  f l a t ,  h e ld  b y  s p r in g s  a g a in s t  a le d g e  i n  th e  
u p p e r p la t e  o f  th e  j i g ,  c o u ld  be p re s s e d  a g a in s t ,  and 
t i l t e d  r e l a t i v e l y  t o ,  th e  o th e r  s u r fa c e  o f  th e  in t e r f e r o m e t e r ,  
h e ld  i n  th e  lo w e r  p l a t e ,  b y  t h r e e  a d ju s ta b le  s c re w s .
The a i r  wedge s h o u ld  be k e p t  as s m a l l  as p o s s ib le  
f o r  good q u a l i t y  f r i n g e s  b u t  th e  f a c t o r s  in f l u e n c in g  th e  
q u a l i t y  m ost a re  th e  r e f l e c t i o n  and th e  a b s o r p t io n  o f  th e  
c o a t in g  on th e  o p t i c a l  f l a t .  By k e e p in g  th e  a b s o r p t io n  
f a c t o r  lo w  a h ig h  c o n t r a s t  b e tw e e n  th e  m axim a and m in im a  o f  
th e  f r i n g e  s ys te m  i s  o b ta in e d  w h i le  a h ig h  r e f l e c t i v i t y  
g iv e s  a n a r ro w  f r i n g e  m d t h .  These c o n d i t io n s  w e re  m et 
b y  u s in g  a s i l v e r  f i l m  w i t h  an a b s o r p t io n  o f  5JÎ and a 
r e f l e c t i v i t y  o f  90%, th o u g h  l a t e r  h ig h  r e f l e c t i n g  m u l t i - l a y e r  
c o a t in g s  o f  n e g l i g ib l e  a b s o r p t io n  w e re  u s e d .
The id e a l  s u r fa c e  o n  w h ic h  t o  d e p o s i t  th e  f i l m  to  
be m e a su re d  w o u ld  be an o p t i c a l l y  p o l is h e d  g la s s  b la n k  b u t  
t h i s  was n o t  p r a c t i c a b le .  H ow ever, i t  was fo u n d  t h a t  
m ic ro s c o p e  s l id e s  m a n u fa c tu re d  b y  Chance w e re  e x c e l le n t  f o r
A d j u s t a b l e  s c r e w s
U p p e r  P l a t eL o w e r  P l a t e
S p r i n g s
Z1 I— '— Ti z
O p t i c a l  P l a t  G l a s s  B l a n k
F i g u r e  4 . 8 ,  D ia g r a m  o f  j i g  u s e d  w i t h  t h e  i n t e r f e r o m e t e r .
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th e  p u rp o s e , h a v in g  a good s u r fa c e  w i t h  o n ly  a s l i g h t  
u n d u la t io n .  T h is  u n d u la t io n ,  ^^h ich  p re v e n te d  r e a l l y  c lo s e  
c o n ta c t  b e tw e e n  th e  tw o  s u r fa c e s  o f  th e  in t e r f e r o m e t e r ,  d id  • 
n o t ,  h o w e v e r, a f f e c t  a p p r e c ia b ly  th e  q u a l i t y  o f  th e  f r in g e  
s y s te m .
The o p t ic  e l  a rra n g e m e n t f o r  i l l u m i n a t i n g  th e  
in t e r f e r o m e t e r  and v ie ? d n g  th e  f r i n g e  sys te m  i s  shown i n  
P la te  4 .1  and d i  a g r ammat i  c a l l  y  e x p la in e d  i n  F ig u r e  4 .3 .
The s o u rc e  was a P h i l l i p s  80 w a t t  m e rc u ry  la m p , th e  l i g h t  
f ro m  w h ic h  was fo c u s s e d  on  an a d ju s ta b le  d ia p h ra g m . The 
l i g h t  fro m  t h i s  s o u rc e  s to p  was f i l t e r e d  t o  o b ta in  th e  
m e rc u ry  g re e n  w a v e le n g th  a t 5461A . The l i g h t  was th e n  
c o l l im a t e d  and d i r e c t e d  a t  9 0 °  on t o  t h e  in t e r f e r o m e t e r .
A s e c t io n  o f  t h i s  i l l u m in a t e d  a re a  was v ie w e d  b y  a lo w -p o w e r  
m ic ro s c o p e •
E r r o r s  i n  th e  c o l l im a t i o n  o f  th e  in c id e n t  beam can  
a f f e c t  th e  q u a l i t y  o f  th e  f r i n g e  s y s te m . The e r r o r s  depend 
u p o n  th e  a n g u la r  s p re a d  o f  th e  beam w h ic h ,  i n  t u r n ,  depends 
u p o n  th e  s iz e  o f  th e  s o u rc e  s to p *  T h is  s iz e  i s  d e te rm in e d  
b y  a num ber o f  f a c t o r s  su ch  as th e  num ber o f  f r in g e s  p e r  
c e n t im e te r  on th e  s u r fa c e  o f  th e  w edge, i ; h ic h  g iv e s  th e  
s e p a r a t io n  o f  th e  in t e r f e r o m e t e r  p la t e s ,  and th e  f o c a l  le n g th  
o f  th e  c o l l im a t i n g  le n s .  The wedge a n g le  d e te rm in e s  th e  
n u m e r ic a l a p e r tu re  o f  th e  m ic ro s c o p e  o b je c t i v e  le n s  s in c e  a l l
. . . I
Y 4
h'M ÉÊiÈàl
P la te  4 .1 .  O p t ic a l  a rra n g e m e n t f o r  
i l l u m i n a t i n g  th e  in t e r f e r o m e t e r  
and vie^ndng th e  f r i n g e  s y s te m .
\.Ji: ’*V’ ,/
■.-’If
M ic r o s c o p e
S o u r c e
S to p
S o u r c e C o l l i m a t i n g
L e n s
w n d e n s e r  F i l t e r  
L e n s
I n t e r f e r o m e t e r
F i g u r e  4,^5. Dta^^rnm o f  t h e  o p t i c a l  a r r a n g e m e n t  f o r  v i e w i n g  
m u l t i p l e - b e a m  I n t e r f e r e n c e  f r i n g e s  o f  e q u a l  t h i c k n e s s  i n
r e f l e c t i o n ,
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th e  beams fro m  th e  in t e r f e r o m e t e r  m u s t be c o l l e c t e d .  A l l  
th e s e  f a c t o r s  w e re  ta k e n  i n t o  a c c o u n t vh e n  s e t t i n g  up  th e  
above a r ra n g e m e n t.
A t y p i c a l  r e f l e c t i o n  in t e r f e r o g r a m  i s  s h o rn  i n  
P la te  4 .2 .  The d is p la c e m e n t  a t th e  s te p  edge in d ic a t e s  a 
f i l m  th ic k n e s s  o f  550A . and th e  u n d u la t io n s  o f  th e  m ic r o ­
scope s l i d e  ca n  be c l e a r l y  s e e n .
The d is p la c e m e n t  o f  th e  f r in g e s  a t  th e  s te p  and 
th e  f r i n g e  s p a c in g  w ere  m e a su re d  b y  a m ic ro m e te r  e y e p ie c e  
w h ic h  c o u ld  be re a d  T fd th  a c c u ra c y  to  10 m ic r o n s .  ’^ d th  
f o u r  to  s i x  f r in g e s  i n  th e  f i e l d  o f  v ie w  th e  f r i n g e  s p a c in g  
a t  th e  e y e p ie c e  was a p p r o x im a te ly  3 ,0 0 0  m ic ro n s ,  t h a t  i s ,  
one a n g s tro m  p e r  m ic r o n .  T h e re fo r e ,  th e  a c c u ra c y  o f  th e  
th ic k n e s s  m easurem en ts  was re a s o n a b ly  h ig h .  By m e a s u r in g  
th e  d is p la c e m e n t o f  a num ber o f  f r in g e s  a c ro s s  th e  s te p ,  
a p p r o x im a te ly  tw e lv e  and t a k in g  an a ve ra g e  v a lu e ,  an a c c u ra c y  
o f  i  1 0 -2 0 A  c o u ld  be a c h ie v e d .
■■ / { - a
' ,'J
P l a t e _ 4 ^  T y p ic a l  r e f l e c t i o n  i n t e r f e r o g r  am 
i n d i c a t i n g  a f i l m  th ic k n e s s  o f  550A ,
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CHAPTER 5
THE MEASnREMENT OF ADHESION
1 . I n t r o d u c t io n
H eaven8^^ has d e s c r ib e d  a c o m p a ra t iv e  m ethod 
o f  m e a s u r in g  th e  a d h e s io n  o f  m e ta l f i lm s  d e p o s ite d  on 
s u r fa c e s .  A lo a d e d  s t e e l  p o in t  o f  sm ooth c o n to u r  was 
draTO  a c ro s s  th e  f i l m  s u r fa c e  and th e  lo a d  r e q u i r e d  to  
rem ove th e  f i l m  c o m p le te ly  fro m  th e  s u r fa c e  was ta k e n  as 
a r e l a t i v e  m easure o f  th e  a d h e s io n . The a d va n ta g e s  o f  
t h i s  m e th od  ha ve  b e en  d is c u s s e d  a lr e a d y  b u t ,  b e fo r e  t h i s  
a p p a ra tu s  was u se d  i n  th e  p re s e n t  i n v e s t i g a t i o n ,  i t  was 
f e l t  t h a t  th e  m echan ism  o f  th e  m ethod  s h o u ld  be exam ined 
m ore c lo s e l y .  Though th e  lo a d  on th e  p o in t  r e q u i r e d  t o  
rem ove th e  m e ta l f i l m  c o m p le te ly  fro m  th e  s u r fa c e  may depend  
on th e  a d h e s io n  b e tw e e n  th e  t^ ro m e d ia , t h i s  i s  n o t  
im m e d ia te ly  o b v io u s  and o th e r  f a c t o r s  may in f lu e n c e  th e  lo a d ;  
f o r  e x a m p le , th e  f i l m  th ic k n e s s  and th e  h a rd n e s s  o f  th e  f i l m  
m a t e r i a l .  The m a g n itu d e  o f  th e s e  f a c t o r s  m ust be exam ined  
b e fo re  th e  a p p a ra tu s  c ^  be u se d  f o r  a c o m p re h e n s iv e  
in v e s t i g a t i o n  o f  th e  a d h e s io n  o f  t h i n  f i l m s .
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2 .  A p p a ra tu s
To o b t a in  r e l i a b l e  and re p e a ta b le  m ea su re m en ts  
w i t h  th e  a p p a ra tu s  p a r t i c u l a r  a t t e n t i o n  m ust be p a id  to  th e  • 
s t e e l  p o in t .  The p o in t  m us t re m a in  c o n s ta n t  i n  i t s  
g e o m e tr ic  d im e n s io n s  and i t s  p h y s ic a l  p r o p e r t ie s ,  p a r t i c u l a r l y  
h a rd n e s s .  I t  was fo u n d  t h a t  gram ophone n e e d le s  s e rv e d  th e  
p u rp o s e  a d m ir a b ly .  The n e e d le s  u se d  w ere  H .M .V . * H a lf -T o n e   ^
h a v in g  a s p h e r ic a l  t i p  o f  r a d iu s  0 .0 0 1 2 -0 .0 0 1 8 ”  and a 
d ia m o n d  p y ra m id  h a rd n e s s  o f  8 0 0 -8 5 0 . These f i n e  to le r a n c e s  
e n a b le d  th e  p o in t  t o  be ch a n g e d  a t  w i l l  w h i le  th e  d im e n s io n s  
and p r o p e r t ie s  o f  th e  p o in t  re m a in e d  re a s o n a b ly  c o n s ta n t .
The a p p a ra tu s  f o r  th e  m easurem ent o f  a d h e s io n  i s  
shorn i n  P la te  5 . 1 .  A r i g i d  b ra s s  beam was p iv o te d  a b o u t 
a h o r i z o n t a l  s tu b  a x le  f i x e d  one q u a r te r  o f  th e  way a lo n g  
i t s  le n g t h .  The a x le  was m o u n te d  on a f r i c t i o n l e s s  b e a r in g ,  
o b ta in e d  fro m  an o ld  A ttw o o d * s m a c h in e . The s t e e l  p o in t  
was f i x e d  a t  th e  end o f  th e  lo n g  arm o f  th e  beam and a 
w e ig h t  pan su sp e n d e d  h a l f  way b e tw e e n  th e  p o in t  and th e  a x le .  
The s h o r t  arm o f  th e  beam c a r r i e d  tw o  w e ig h ts  to  a c t  as 
c o u n te rb a la n c e s .  One o f  th e  w e ig h ts ,  a la r g e  b ra s s  b lo c k ,  
m oved a lo n g  th e  beam and c o u ld  be h e ld  a t any  p o in t  w i t h  a 
lo c k in g  b o l t .  T h is  w e ig h t  gave  a c o a rs e  b a la n c e .  The 
f i n a l  b a la n c e  was made b y  a h e a v y  b ra s s  d is c  m ou n te d  on a 
sc re w e d  r o d  a t  th e  end o f  th e  beam. By means o f  th e s e
P la te  5 .1 .  A p p a ra tu s  f o r  th e  m easurem ent
o f  a d h e s io n .
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w e ig h ts  t h e  beam was b a la n c e d  i n  th e  h o r i z o n t a l  p o s i t i o n .
The s p e c im e n  was r a i s e d  on an a d ju s ta b le  t a b l e  t o  t h e  t i p  
o f  t h e  s t e e l  p o i n t .  Thus th e  lo a d  on th e  p o i n t  was 
i n i t i a l l y  z e r o .
3 . M e th od  o f  Measurement  '
A lo a d  was a p p l i e d  to  th e  s t e e l  p o i n t  b y  a d d in g  
w e ig h t s  t o  th e  p a n . The s p e c im e n  was p u sh e d  s l o w l y  a c r o s s  
th e  t a b l e  and th e  s c r a t c h  m a rk  o b s e rv e d .  The lo a d  was t h e n  
a d ju s te d  u n t i l  a c l e a r  s c r a t c h  was o b t a in e d .  The lo a d  a t  
w h ic h  t h i s  o c c u r r e d  was w e l l  d e f i n e d ;  i f  th e  lo a d  was 
i n s u f f i c i e n t  th e  s t e e l  p o in t  c h a t t e r e d  o v e r  t h e  s u r fa c e  
g i v i n g  a s e r i e s  o f  s m a l l  s c r a t c h e s .  As t h e  lo a d  i n c r e a s e d  
th e s e  s c r a t c h e s  J o in e d  up and f i n a l l y  fo rm e d  a c l e a r  s c r a t c h  
a t  th e  c o r r e c t  l o a d .  I n c r e a s in g  th e  lo a d  f u r t h e r  o n l y  
w id e n e d  th e  s c r a t c h ,  o r  gave i t  a Jagged e d g e . P la t e  5 . 2  
shows a s e r i e s  o f  s c r a t c h e s :  s c r a t c h  ( a )  was made w i t h
i n s u f f i c i e n t  lo a d ,  s c r a t c h  ( b )  was made a t  th e  c o r r e c t  l o a d ,  
and s c r a t c h  ( c )  was made w i t h  an e x c e s s  l o a d .
The s ta g e  a t  w h ic h  a c l e a r  s c r a t c h  o c c u r r e d  c o u ld  
be Judged  v e r y  a c c u r a t e l y  b y  v ie w in g  t h e  s c r a t c h  m a rk s  i n  a 
lo w -p o w e r  m ic ro s c o p e  b y  t r a n s m i s s i o n .  H ow ever, th e  a t t a i n ­
m ent o f  v e r y  h i g h  a c c u ra c y  was a l a b o r i o u s  p ro c e s s  and th e  
s l i g h t  v a r i a t i o n s  b e tw e e n  i n d i v i d u a l  n e e d le s  c a u se d  a s m a l l
( i l : I
. .
. -'i
(a) (b) ( c ;
■;j- .'
P la t e  5 . 2 .  S e r ie s  o f  t y p i c a l  s c r a tc h e s  
made b y  th e  a p p a ra tu s  f o r  th e  
m easurem en t o f  a d h e s io n .
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s c a t t e r  I n  th e  f i n a l  r e s u l t s .  S in c e  t h e  lo a d s  r e q u i r e d  t o  
g iv e  a c l e a r  s c r a t c h  o n  a number o f  met a l - s u b s t r a t e  p a i r s  
v a r i e d  f r o m  h a l f  a gram  t o  g r e a te r  th a n  500 g ra m s , an 
a c c u ra c y  o f  5 -1 0 ^  was c o n s id e r e d  a d e q u a te .
4 .  J u s t i f i c a t i o n  o f  M e th o d
The q u e s t io n  o f  w h e th e r  t h i s  a p p a ra tu s  r e a l l y  
g i v e s  a m easure  o f  th e  a d h e s io n  b e tw e e n  a f i l m  and a s u r f a c e  
m u s t now be c o n s id e r e d .  The a p p a ra tu s  c e r t a i n l y  re p ro d u c e s  
one o f  th e  c o n d i t i o n s  o f  w e a r  ’^^ h ic h  f i l m s  u n d e rg o  i n  
p r a c t i c a l  use  and t h e r e f o r e  g iv e s  a m easure  o f  th e  d u r a b i l i t y  
o f  t h e  f i l m .  H o w e ve r, th e  d u r a b i l i t y  depends on a n u m be r 
o f  f a c t o r s ;  th e  t h ic k n e s s  o f  th e  f i l m ,  t h e  h a rd n e s s  o f  t h e  
f i l m  m a t e r i a l ,  th e  f o r m a t i o n  o f  a p r o t e c t i v e  o x id e  c o a t i n g  
on th e  s u r f a c e  o f  t h e  f i l m ,  a n d , o f  c o u r s e , t h e  a d h e s io n  
b e tw e e n  th e  f i l m  and th e  s u r f a c e .  The i n f l u e n c e  o f  ea ch  
o f  th e s e  f a c t o r s  o n  th e  l o a d  r e q u i r e d  t o  g iv e  a c l e a r  s c r a t c h  
m u s t t h e r e f o r e  be  d e te r m in e d .
The i n f l u e n c e  o f  f i l m  t h i c k n e s s  was exa m in ed  b y  
d e p o s i t i n g  a f i l m  o f  v a r y i n g  t h ic k n e s s  on  a s u r f a c e .
F ig u r e  5 .1  shows how t h i s  was a c h ie v e d .  A v e r y  t h i n  f i l m
o f  m e ta l  was d e p o s i t e d  b y  e v a p o r a t io n  o v e r  t h e  w h o le  s u r fa c e  
o f  t h e  s u b s t r a t e  and, b y  r o t a t i n g  t h e  sp e c im e n  i n  th e  r o t a t i n g  
m echan ism  d e s c r ib e d  p r e v i o u s l y ,  s e c t io n s  w ere  p r o g r e s s i v e l y
S e c t i o n
S u b s t r a t e
6
4
L a y e r
F i g u r e  5 . 1 .  D e p o s i t i o n  o f  s i x  l a y e r s  t o  g i v e  
s e c t i o n s  o f  v a r y i n g  f i l m  t h i c k n e s s .
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s c re e n e d  f r o m  th e  v a p o u r  s t re a m  to  g i v e  s i x  s e c t io n s  o f  
v a r y i n g  t h i c k n e s s  on  t h e  s u b s t r a t e .  Thus each s e c t io n  
was b u i l t  up  f r o m  th e  same i n i t i a l  l a y e r  i n  c o n t a c t  w i t h  
th e  s u b s t r a t e  so t h a t  th e  a d h e s io n  f o r c e s  i n  each case w o u ld  
be t h e  same. S in c e  t h e  s i x  l a y e r s  w e re  d e p o s i t e d  
c o n t i n u o u s l y  v d t h o u t  a b r e a k  i n  t h e  vacuum , t h e r e  s h o u ld  be 
no c o n t a m in a t in g  i n t e r m e d i a t e  l a y e r s .  The lo a d  r e q u i r e d  
t o  g iv e  a c l e a r  s c r a t c h  was m ea su re d  f o r  each  o f  th e  s i x  
s e c t i o n s  and th e  w h o le  s u b s t r a t e  was th e n  c o a te d  i^zith an
opaque l a y e r  o f  s i l v e r  and th e  t h i c k n e s s  o f  each  l a y e r
m e a su re d  b y  m u l t i p l e - b e a m  i n t e r f e r o m e t r y . S e v e r a l  spec im ens 
w ere  p r e p a r e d  i n  t h i s  m anne r and F ig u r e  5 .2  shows th e  
v a r i a t i o n  o f  th e  l o a d  IV a g a in s t  f i l m  t h i c k n e s s .  I t  c a n  be
seen t h a t  i n  a l l  c a s e s  t h e  lo a d  re a c h e s  a c o n s ta n t  v a lu e
when a c e r t a i n  f i l m  t h i c k n e s s  i s  a t t a i n e d .  F o r  f i l m s  
t h i n n e r  t h a n  t h i s  c r i t i c a l  t h ic k n e s s  t h e r e  i s  a v a r i a t i o n  
o f  l o a d  w i t h  t h i c k n e s s .  H ow ever, i t  w o u ld  a p p e a r  f ro m  
F ig u r e  5 .2  t h a t  t h i s  i s  n o t  a f a u l t  o f  t h e  m ethod  b u t  a 
p r o p e r t y  i n h e r e n t  i n  t h e  f i l m s  due t o  th e  p ro c e s s  o f  f i l m  
g r o w th .  I t  i s  w e l l  know n t h a t  m ost t h i n  f i l m s  have  an 
a g g re g a te d  s t r u c t u r e '^ ^  and o n l y  become c o n t in u o u s  above a 
c e r t a i n  t h i c k n e s s ,  t h i s  t h i c k n e s s  b e in g ,  t o  some e x t e n t ,  
d e p e n d e n t  u p on  th e  c o n d i t i o n s  o f  d e p o s i t i o n .  I n  d e p o s i t i n g  
s i x  l a y e r s ,  t h e  f i l m  w o u ld  b u i l d  up  g r a d u a l l y  f r o m  an
50
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S i l v e r / g l a s s
0 1200 1 6 0 0 2400  2 8 0 08 0 0 8 0 0 04 0 0
F i l m  t h i c k n e s s  A,
F i g u r e  5 . 2 .  T h e  l o a d  W r e q u i r e d  t o  r e m o v e  a m e t a l  f i l m  o f  
v a r y i n g  t h i c k n e s s  f r o m  a  s u r f a c e .
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a g g re g a te d  t o  a c o n t in u o u s  s t r u c t u r e .  Once th e  f i l m  was 
c o n t in u o u s  t h e r e  w o u ld  he a c o n t in u o u s  i n t e r f a c e  b e tw e e n  i t  
and th e  s u b s t r a t e  and a c e r t a i n  l o a d  w o u ld  be r e q u i r e d  t o  
rem ove t h e  f i l m  in d e p e n d e n t  o f  i t s  t h i c k n e s s .  H ow ever, 
f o r  a g g re g a te d  f i l m s  th e  i n t e r f a c e  w o u ld  n o t  be c o m p le te  
and t h e r e f o r e  a s m a l le r  l o a d  w o u ld  be r e q u i r e d  t o  remove 
th e  f i l m .
The i n f l u e n c e  o f  th e  h a rd n e s s  o f  th e  f i l m  m a t e r i a l
and th e  f o im a t  i o n  o f  an o x id e  c o a t in g  on th e  f i l m  s u r fa c e  on
th e  lo a d  r e q u i r e d  t o  rem ove th e  f i l m  was e xa m in e d  i n  th e
f o i l  OK'd, ng m a n n e r .  A number o f  f i l m s  o f  v a r i o u s  m e ta ls
w e re  d e p o s i t e d  on g l a s s .  The m e ta ls  w ere  s e le c t e d  t o
I n c lu d e  n o b le  m e ta ls  on  w h ic h  an o x id e  l a y e r  w o u ld  n o t  fo rm
and s e v e r a l  m e ta ls  on i^ h ic h  an o x id e  l a y e r  w o u ld  r e a d i l y
f o r m ,  i n  some ca se s  p r o v i d i n g  a s t r o n g  p r o t e c t i v e  c o a t in g .
The i n i t i a l  g ro w th  o f  t h e  o x id e  l a y e r  i s  r a p i d  and a
t h i c k n e s s ,  o n l y  a l i t t l e  l e s s  t h a n  th e  f i n a l  t h i c k n e s s ,  i s
re a c h e d  i n  a m a t t e r  o f  m in u t e s ^ ^ .  T h e r e f o r e ,  th e  f i l m s
w e re  rem oved  f r o m  th e  vacuum cham ber a f t e r  d e p o s i t i o n  and
a l lo w e d  t o  s ta n d  i n  a i r  f o r  a s h o r t  p e r i o d  o f  t im e .  The
lo a d  r e q u i r e d  t o  rem ove th e s e  f i l m s  f r o m  t h e  g la s s  s u b s t r a t e
was t h e n  d e te r m in e d .  T a b le  5 .1  shows th e  r e s u l t  o f  t h i s
i n v e s t i g a t i o n .  The Mohs h a rd n e s s  f o r  t h e  m e ta l  and th e  
45m e t a l  o x id e ^  i s  g iv e n  t o g e t h e r  v i t h  th e  lo a d  r e q u i r e d  t o
TiBLE 5.1
Mohs h a rd n e s s  f o r some m e ta ls  and t h e i r  o x id e s
and th e  lo a d r e q u i r e d  t o rem ov e à f i l m
o f  t h e met a l  f ro m g la s s
M e ta l H a rdn ess Oxi de H ardness Load
gm.
Ag 2 .5 mm 5
Au 2 .5 - 2
P t 4 .3 - 1
Sn 1 .8 SnOg 7 .0 2
Mg 2 .0 MgO 6 .0 Non
rem ovable
Cu 2 .5 CUgO 4 .0 25
Zn 2 .7 ZnO 4 .0 3
Al 2 .5 A -t .O , 9 . 0 62 3
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remove th e  f i l m .  I t  can  be seen t h a t  t h e r e  i s  no a p p a re n t  
c o n n e c t io n  b e tv /e en  t h e  lo a d  and th e  h a rd n e s s  o f  e i t h e r  t h e  
m e ta l  o r  t h e  o x id e .
5 . C o n c lu s  io n s
I t  has t h e r e f o r e  been  shoTO t h a t  th e  lo a d  
r e q u i r e d  t o  remove a f i l m  c o m p le t e l y  f r o m  a s u r f a c e  i s  n o t  
i n f l u e n c e d  b y  t h e  h a rd n e s s  o f  t h e  f i l m  m a t e r i a l  o r  th e  
f o r m a t i o n  o f  an o x id e  c o a t i n g  on th e  f i l m  s u r f a c e .  E ven 
th e  s l i g h t  v a r i a t i o n  o f  l o a d  m t h  f i l m  t h ic k n e s s  a t  v e r y  
s m a l l  t h ic k n e s s e s  can be e x p la in e d  i n  te rm s  o f  f i l m  g r o w th .  
F u r th e r m o r e ,  when th e  same m a t e r i a l  was d e p o s i t e d  on  a 
num ber o f  d i f f e r e n t  s u b s t r a t e s  i t  was fo u n d  t h a t  t h e  
v e r t i c a l  lo a d s  r e q u i r e d  i n  m e a s u r in g  th e  a d h e s io n  b y  t h i s  
m e th od  v a r y  m t h  th e  s u b s t r a t e  m a t e r i a l .  R e s u l t s  o b ta in e d  
w i t h  s i l v e r  on  a num ber o f  d i f f e r e n t  s u b s t r a t e s  a re  g i v e n  
i n  T a b le  5 . 2  w here  a w id e  v a r i a t i o n  can  be s e e n .  T h is  
s u g g e s ts  t h a t  th e  m easurem en ts  depend  u p o n  th e  n a tu r e  and 
p r o p e r t i e s  o f  th e  i n t e r f a c e  b e tw e e n  th e  d e p o s i t e d  f i l m  and 
th e  s u b s t r a t e  s u r f a c e ,  b u t  do n o t  depend m a r k e d ly  on  t h e  
t h ic k n e s s  o f  th e  f i l m  o r  i t s  b u l k  p r o p e r t i e s .
T a b le  5 . 2 .
The lo a d  r e q u i r e d  t o  rem ove a s i l v e r  f i l m  
f ro m  th e  s u r fa c e s  o f  v a r i o u s  m a t e r i a l s
M a t e r i a l V e r t i c a l  L o ad
gm.
S i l i c a 10
G la s s 7
P e rs p e x 100
P o ly s t y r e n e 25
C.R. 39 100
X y lo n i t e 60
HaCl (lOO) 10




CALIBRATION OP THE ADHESION MEASURING APPARATUS
1 .  I n t r o d u c t l  on
The r e l a t i v e  a d h e s io n  o f  a m e ta l  f i l m  d e p o s i t e d  
on a s u r f a c e  has be en  m e a su re d  b y  d r a w in g  a lo a d e d  s p h e r i c a l -  
s t e e l  p o in t  a c ro s s  th e  f i l m .  I f  t h e  m echan ism  o f  t h i s  
a c t i o n  i s  e xa m in e d , t h e  f a c t o r s  i n v o l v e d  a re  t h e  f o r c e s  
a c t i n g  on th e  p o i n t  end th e  a re a  o f  c o n t a c t  b e tw e e n  th e  
p o i n t  and th e  s u r f a c e ,  and i t  s h o u ld  be p o s s ib le  t o  e s t im a te  
th e  f o r c e  r e q u i r e d  t o  rem ove th e  f i l m  f r o m  th e  s u r f a c e .
T h e re  a re  tw o  f o r c e s  a c t i n g  on t h e  p o i n t ,  a v e r t i c a l  f o r c e  
due t o  th e  lo a d  and a h o r i z o n t a l  f o r c e  due t o  th e  a c t i o n  o f  
d ra v d n g  th e  lo a d e d  p o in t  a c ro s s  t h e  f i l m .  Each o f  t h e s e  
f o r c e s  m u s t be exa m in e d  t o g e t h e r  w i t h  th e  a re a  o f  c o n t a c t  
b e tw e e n  th e  p o i n t  and t h e  s u r f a c e .
2 .  A re a  o f  C o n ta c t
The d im e n s io n  o f  th e  s p h e r i c a l  t i p  o f  th e  
gram ophone n e e d le  ( 0 . 0 0 3  - 0 . 0 0 4 5  c m .)  i n  c o m p a r is o n  w i t h  
th e  t h i c k n e s s  o f  the  m e ta l  f i l m  ( l 5 ^ - l 5 ^  c m .)  i s  such  t h a t  
th e  l a t t e r  can be n e g le c t e d  and t h e  a re a  b e tw e e n  th e  s p h e r i c a l
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p o in t  and th e  s u b s t r a t e  s u r fa c e  n e e d  o n l y  be c o n s id e r e d .
I n  t h e  i d e a l  c a s e ,  a f l a t  s u r fa c e  i s  d e fo rm e d  b y
a h a r d  s p h e re  o f  r a d iu s  r .  T h is  d e f o r m a t io n  i s  e l a s t i c
45and , a c c o r d in g  t o  H e r t z ’ s c l a s s i c a l  e q u a t io n ,  a lo a d  W 
g iv e s  an a re a  o f  c o n t a c t  o f  r a d iu s  ’ a ’ w here  ’ a ’ i s  g iv e n  
b y  t h e  e x p r e s s io n
a = 1 . 1  '
 ^ Wgr 1 / 3
and and a re  th e  Y o u n g ’ s M o d u l i  o f  th e  s p h e re  and 
s u r f a c e  r e s p e c t i v e l y .  A t t h i s  s ta g e
a a W ^ /^
As t h e  l o a d  i s  in c r e a s e d  a c r i t i c a l  p o in t  i s  
re a c h e d  i n  th e  s o f t e r  s u r fa c e  m a t e r i a l  when th e  e l a s t i c  
l i m i t  i s  e x c e e d e d .  A t  t h i ^  s ta g e  th e  mean p r e s s u r e ,  p ^ ,  
o v e r  th e  a re a  o f  c o n t a c t  i s  g iv e n  by
Pm = 1.1 Y
w here  Y i s  th e  y i e l d  s t r e n g t h  o f  th e  s o f t e r  m a t e r i a l ,  o r
= 0 . 4  X I n d e n t a t i o n  H a rd n e ss 48
T h is  i s  th e  o n s e t  o f  p l a s t i c  d e f o r m a t io n .  As th e  lo a d  i s  
in c r e a s e d  th e  mean p r e s s u r e  r i s e s  s t e a d i l y  u n t i l  th e  w h o le  
o f  th e  m a t e r i a l  a b o u t th e  s p h e re  i s  i n  a s t a t e  o f  p l a s t i c i t y .
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Once f u l l  p l a s t i c i t y  i s  re a c h e d  a f u r t h e r  in c r e a s e  i n  W 
g iv e s  no change i n  th e  mean p r e s s u r e ,  t h a t  i s
a a W‘
and a t  t h i s  s ta g e
o r
p ; = 3Y 47
”  I n d e n t a t i o n  H a rdness 48
The lo a d  r e q u i r e d  t o  cause  th e  o n s e t  o f  p l a s t i c i t y  
i s  g iv e n  b y  th e  H e r t z i a n  e q u a t io n
W = Hd (i +
g ^ 2
The c a s e  o f  a gram ophone n e e d le  p re s s e d  on t o  a g la s s  s u r fa c e  
was c o n s id e r e d .  The n e e d le  ha s  a h a rd n e s s  o f  a p p r o x im a te ly  
800 X 10® d y n e s /c m .® ,  ^ ^ h i le  th e  i n d e n t a t i o n  h a rd n e s s  f o r  
g l a s s ,  m e a su re d  b y  a V ic k e r s  P y ra m id  H a rd n e ss  T e s t in g  M ach in e  
on an a c t u a l  sp e c im e n , was fo u n d  to  be 400 x  10® d y n e s /c m .^ .
T h e r e f o r e ,  f o r  a c e r t a i n  l o a d  o n  th e  n e e d le  p l a s t i c  
d e f o r m a t io n  w o u ld  o c c u r  i n  t h e  g la s s  s u r f a c e .  Though th e  
t i p  r a d iu s  o f  th e  n e e d le  was g iv e n  b y  t h e  m a n u fa c tu r e r s  as 
0 .0 0 3  -  0 .0 0 4 5  c m . ,  i t  was f o u n d  on e x a m in in g  a s e l e c t i o n  o f  
th e  n e e d le s  i n  a V ic k e r s  P r o j e c t i o n  M ic ro s c o p e  t h a t  th e  t i p  
r a d iu s  was n e a r e r  to  the  m in im um  t o l e r a n c e ,  t h a t  i s ,  0 .0 0 3  cm 
The v a lu e s  f o r  t h e  Y o u n g ’ s M o d u l i  f o r  s t e e l  and g la s s  w ere
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t a k e n  as 20 x  1 0 ^^  d y n e s /c m .^  and 7 x  1 0 ^^  d y n e s /c m .^  
r e s p e c t i v e l y ^ ^ . -  S u b s t i t u t i n g  th e s e  v a lu e s  i n  th e  above 
e q u a t io n ,  i t  was fo u n d  t h a t  t h e  o n s e t  o f  p l a s t i c i t y  o c c u r r e d  
a t  a lo a d  o f  1 . 8  g ra m s . F o r  lo a d s  i n  excess  o f  t h i s  v a lu e  
p l a s t i c  f l o w  o c c u r r e d  and , u n d e r  th e s e  c o n d i t i o n s ,  th e  a re a  
o f  c o n t a c t  c o u ld  be c a l c u l a t e d  f r o m
W = p ’ .Am
w here  A i s  t h e  a re a  o f  c o n t a c t .
The v a lu e s  o f  ’ a * ,  th e  r a d iu s  o f  th e  a re a  o f  
c o n t a c t ,  c a l c u l a t e d  f o r  v a r i o u s  lo a d s  W a re  g ra p h e d  i n  
F ig u r e  6 . 1 .  A ls o  s h o ™  i n  F ig u r e  6 .1  a re  some e x p e r im e n ta l  
v a lu e s  o f  ’ a ’ o b t a in e d  b y  m e a s u r in g  th e  t r a c k  w id t h  o f  
s c r a t c h e s  made a t  d i f f e r e n t  lo a d s  o n  a t h i n  m e t a l  f i l m  
d e p o s i t e d  on g l a s s .  I t  c a n  be seen t h a t  t h e r e  i s  good  
ag ree m en t b e tw e e n  th e  t h e o r e t i c a l  and e x p e r im e n ta l  v a lu e s  
o f  ’ a * .  The e x p e r im e n ta l  v a lu e s  a re  somewhat h i g h e r  and 
t h i s  i s  t o  be e x p e c te d  s in c e  some e l a s t i c  d e f o r m a t io n  o c c u rs  
a ro u n d  th e  c o n t a c t  a re a  and th e  a re a  i s  s l i g h t l y  g r e a t e r  th a n  
t h a t  p r e d i c t e d  b y  th e  t h e o r y .
F u r t h e r  e v id e n c e  o f  p l a s t i c  d e f o r m a t io n  was g iv e n  
b y  an e x a m in a t io n  o f  th e  s c r a t c h  c o n to u r s  u s in g  m u l t i p l e - b e a m  
i n t e r f e r o m e t r y . S c ra tc h e s  w ere  made a t  v a r i o u s  lo a d s  on 
t h i n  m e ta l  f i l m s  d e p o s i t e d  o n  g la s s  and i t  was seen  t h a t  th e
o— “ O E x p e r im e n ta l
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F ig u r e  6 .1 .  T h e o r e t i c a l  and  e x p e r im e n ta l  
v a lu e s  o f  t h e  r a d iu s  o f  t h e  a re a  o f  c o n ta c t
f o r  v a r i o u s  lo a d s .
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d e p th  o f  th e  s c r a t c h  I n c r e a s e d  v d t h  l o a d  and was a lw a ys  
g r e a t e r  t h a n  t h e  t h i c k n e s s  o f  th e  m e t a l  f i l m .  T h is  I s  
s h o w  I n  T a b le  6 . 1  f r o m  m e a su re m e n ts  made o n  a chrom ium  
f i l m  on  g l a s s .
T h e r e f o r e ,  t h e  a re a  o f  c o n t a c t  b e tw e e n  a s p h e r i c a l  
p o i n t  and a p la n e  s u r f a c e  c o u ld  be c a l c u l a t e d  w i t h  r e a s o n a b le  
a c c u ra c y ,  kno^^dng th e  lo a d  on th e  p o i n t  and th e  I n d e n t a t i o n  
h a rd n e s s  o f  t h e  s u r f a c e .
3 .  H o r i z o n t a l  F o rc e
I f  th e  m echan ism  o f  re m o v in g  th e  f i l m  b y  d ra w in g  
th e  lo a d e d  s p h e r i c a l  p o i n t  a c ro s s  I t  I s  c o n s id e r e d  as a 
s t r i p p i n g  a c t i o n ,  th e n  th e  h o r i z o n t a l  f o r c e ,  F ^ ,  a c t i n g  on 
th e  p o i n t  s h o u ld  be made up  o f  t h r e e  c o m p o n e n ts .  The 
f i r s t  com ponent I s  th e  p lo u g h in g  f o r c e ,  P ^ , due to  th e  
d e f o r m a t io n  o f  t h e  s u b s t r a t e  m a t e r i a l .  The second  
com ponen t I s  t h e  f o r c e ,  F , due t o  th e  re m o v a l o f  th e  m e ta l  
f i l m  f r o m  th e  s u b s t r a t e ,  t h a t  I s ,  t h e  f o r c e  s h e a r in g  th e  
a d h e s io n  bonds  b e tw e e n  t h e  f i l m  and t h e  s u b s t r a t e .  The 
t h i r d  com ponent I s  th e  p lo u g h in g  f o r c e ,  P ^ , r e q u i r e d  t o  p u sh  
a s id e  th e  s h e a re d  f i l m .
A c c o r d in g  t o  Bowden and T a b o r t h e  p lo u g h in g  
f o r c e ,  P ^, can  be o b t a in e d  f r o m  th e  e x p r e s s io n
TABLE 6.1
The d é fo rm â t  I o n  o f  a g la s s  s u r fa c e  due to  
I n c r e a s in g  th e  l o a d  o n  t h e  s p h e r i c a l  p o i n t
Load
gm.
D e p th  o f  
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w here  d  i s  t h e  t r a c k  w i d t h ,  r  i s  th e  r a d iu s  o f  th e  s p h e r i c a l  
p o i n t ,  and p ^  i s  t h e  i n d e n t a t i o n  h a rd n e s s  o f  th e  s u b s t r a t e  
m a t e r i  a l .
The f o r c e , F ,  due t o  s h e a r in g  t h e  m e ta l  f i l m  f ro m  
th e  s u b s t r a t e  c a n  be e x p re s s e d  i n  th e  fo rm
p =
4
w h e re  f  i s  th e  s h e a r in g  f o r c e  p e r  u n i t  a re a  b e tw e e n  th e  
f i l m  and t h e  s u b s t r a t e .
The second  p lo u g h in g  co m p o n e n t,  P ^ ,  i s  d e p e n d e n t
on t h e  t h i c k n e s s ,  t ,  o f  th e  m e ta l  f i l m  and th e  i n d e n t a t i o n  
h a r d n e s s ,  p ^ ^  o f  th e  f i l m  m a t e r i a l ,  so t h a t ,
Pg =
The v a lu e  o f  f  f o r  a met a l - s u b s t r a t e  p a i r  i s  n o t  
e a sy  t o  e s t im a t e  b u t  t h e  o r d e r  o f  m a g n i tu d e  c a n  be o b ta in e d  
b y  a m e th o d  s i m i l a r  t o  t h a t  u se d  b y  F r e n k e l^ ^  i n  v i s c o s i t y  
p ro b le m s  •
The s im p le s t  case i s  t a k e n  w h e re  s h e a r in g  o c c u rs  
b e tw e e n  th e  bonds  o f  two d i f f e r e n t  m e d ia  i n  w h ic h  th e  atoms
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are  i n  l a y e r s ,  as i n  F ig u r e  6 . 2 .  â  i s  a l a y e r  o f  atoms
o f  th e  m e ta l  f i l m  and B i s  a l a y e r  o f  atoms o f  th e  s u b s t r a t e
m a t e r i a l ,  th e  t w  l a y e r s  b e in g  a d i s t a n c e  a p a r t .  A
f o r c e  p e r  u n i t  a re a ,  f ,  i s  a p p l ie d  so t h a t  one l a y e r  i s
d i s p la c e d  ixd th  r e s p e c t  t o  t h e  o t h e r . The movement o f  an
atom o f  l a y e r  A f r o m  one e q u i l i b r i u m  p o s i t i o n  t o  th e  n e x t
i n  l a y e r  B may be c o n s id e r e d  as e q u i v a l e n t  t o  th e  passage
o f  th e  atom o v e r  a p o t e n t i a l  b a r r i e r .  L e t  x  be th e
d is t a n c e  be tw een tw o  such p o s i t i o n s  i n  th e  d i r e c t i o n  o f
motion, X the distance between neighbouring atoms in the 
3
same d i r e c t i o n ,  and x ^  th e  d i s ta n c e  b e tw e e n  two a d ja c e n t
atoms i n  th e  m o v in g  l a y e r .  I f  th e  p o t e n t i a l  b a r r i e r  i s
assumed t o  be s y m m e t r ic a l  th e n  th e  d is ta n c e  b e tw e e n  th e
e q u i l i b r i u m  p o s i t i o n  and t h e  t o p  o f  th e  b a r r i e r  i s  x / 2 .
The a p p l ie d  f o r c e  a c t i n g  on  an atom i n  l a y e r  A i n  th e
d i r e c t i o n  o f  m o t io n  i s  f x ^ x ^  and t h e  e n e rg y  th e  atom a c q u i r e s
when it reaches the top of the potential barrier is -g-fxx^Xg.
F ig u r e  6 .3  shows th e  p o t e n t i a l  b a r r i e r  and t h e  way i n  w h ic h
th e  a p p l ie d  s h e a r in g  f o r c e  r e d u c e s  t h e  h e ig h t  o f  th e  e n e rg y
b a r r i e r  by  ^ f x x  x  i n  th e  f o r w a r d  d i r e c t i o n  and r a i s e s  i t
td o
b y  th e  same amount i n  th e  o p p o s i t e  d i r e c t i o n .  I f  th e  h e ig h t  
E i s  ta k e n  as a m easure  o f  th e  a d h e s iv e  e n e rg y  b e tw e e n  an 
atom  o f  l a y e r  A and th e  l a y e r  o f  s u b s t r a t e  atoms B , th e n  
th e  e x p r e s s io n
E = i f x X g X g
s h e a r in g  f o r c e  f
T
r
L a y e r  A
O G ^  O O O O
L a y e r  B
F ig u r e  6 .2 .  D is p la c e m e n t  b e tw e e n  tw o  l a y e r s  o f  
a tom s due t o  a s h e a r in g  f o r c e .
s h e a r i n g  f o r c e  f
W i t h  s h e a r in g
■tfxxgxa^
f o r c e
I n i t i a l  s t a t e
W ith o u t  s h e a r in g  
f o r c e
\  ,, /^fxx2X3
F i n a l  s t a t e
F i g u r e  6 . 3 ,  P o t e n t i a l  e n e r g y  b a r r i e r ,  w i t h  a n d
w i t h o u t  s h e a r i n g  f o r c e .
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g iv e s  th e  o r d e r  o f  m a g n i tu d e  f o r  th e  v a lu e  o f  th e  f o r c e  
w h ic h  T d l l  s h e a r  an atom o f  l a y e r  A f ro m  th e  l a y e r  B.
The h o r i z o n t a l  f o r c e ,  F ^ ,  a c t i n g  on th e  s p h e r i c a l  
p o in t  when a m e ta l  f i l m  i s  rem oved f r o m  a s u b s t r a t e  ca n  now 
be w r i t t e n  i n  th e  fo rm
1 2 r  ■JxXgXjj 4 1
L e t  us c o n s id e r  a m e ta l  f i l m ,  500A t h i c k ,  bound
to  a g la s s  s u r f a c e  b y  va n  d e r  ^Taals* f o r c e s  and assume a
v a lu e  f o r  th e  a d h e s iv e  e n e rg y  b e tw e e n  th e  two m e d ia  o f
3 .0  K . c a l . / m o l e .  L e t  u s  a ls o  assume v a lu e s  f o r  x ,  x  and
2
Xg o f  3â , and f o r  p ^  and p ^  o f  1 0 ^^  d y n e s /c m .^  and 
10^ d y n e s /c m .^  r e s p e c t i v e l y .  F i n a l l y ,  l e t  th e  lo a d  r e q u i r e d  
on  th e  p o in t  t o  remove th e  f i l m  be such  t h a t  th e  t r a c k  T^ddth 
i s  0 .0 0 2  cm. Thus f ,  th e  s h e a r in g  f o r c e / u n i t  a re a ,  i s  
15 X 10^ d y n e s /c m .^ .  I f  th e s e  v a lu e s  a re  now s u b s t i t u t e d  
i n  th e  above e q u a t io n ,  t h e  h o r i z o n t a l  f o r c e  s h o u ld  be
^h ~ ( 2 . 2  + 4 6 .5  4- 10 ) X 10 ^  d y n e s .
T h is  c a l c u l a t i o n ,  g i v i n g  th e  r e l a t i v e  o r d e r s  o f  
m a g n i tu d e  o f  th e  v a r i o u s  com ponen ts  m a k in g  up  th e  h o r i z o n t a l  
f o r c e ,  was ch e c k e d  e x p e r i m e n t a l l y  as f o l l o v / s .
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A second  beam was c o n s t r u c t e d  f o r  th e  a d h e s io n  
m e a s u r in g  a p p a ra tu s  b e in g  a lm o s t  i d e n t i c a l  t o  th e  f i r s t  
beam b u t  h a v in g  a l e n g t h  o f  s p r i n g y  m a t e r i a l  i n s e r t e d  
b e tw e e n  th e  w e ig h t  pan  and th e  s t e e l  p o i n t .  ^"Taen th e  
p o in t  was d r a m  a c ro s s  th e  f i l m  s u r fa c e  u n d e r  a g iv e n  lo a d  
th e  h o r i z o n t a l  f o r c e  o n  th e  p o i n t  c a u s e d  t h e  f l e x i b l e  bean 
t o  d e f l e c t .  The d e f l e c t i o n  was m e a su re d  v e r y  s im p ly  b y  
means o f  a p o i n t e r ,  a t t a c h e d  t o  t h e  beam, m o v in g  o v e r  a 
s c a le  and th e  d e f l e c t i o n  was c a l i b r a t e d .
The a d h e s io n  o f  a num ber o f  m e ta ls  on  g la s s  and 
s i l i c a  was s t u d ie d  i n  t h i s  m a n n e r .  To exam ine th e  e f f e c t  
o f  t h i c k n e s s ,  t h e  f i l m s  w e re  d e p o s i t e d  t o  g iv e  s i x  s e c t io n s  
o f  v a r y i n g  t h i c k n e s s  on th e  s u b s t r a t e  b y  th e  m e th o d  d e s c r ib e d  
i n  C h a p te r  5 .  ^^^ith th e  r i g i d  beam on th e  a p p a r a tu s ,  th e  
lo a d s  r e q u i r e d  t o  remove t h e  v a r i o u s  t h ic k n e s s e s  o f  f i l m  
f ro m  th e  s u b s t r a t e  w ere  f o u n d .  T he n , m t h  th e  f l e x i b l e  
beam i n  p o s i t i o n  end th e  c o r r e c t  lo a d  i n  t h e  w e ig h t  p a n , t h e  
h o r i z o n t a l  f o r c e ,  P^,,, i n v o l v e d  i n  re m o v in g  th e  f i l m  was 
m ea su re d  i n  e a ch  c a s e .  The p lo u g h in g  co m p o n e n t,  P ^ , o f  
t h i s  f o r c e  due to  t h e  d e f o im a t i o n  o f  th e  s u b s t r a t e  was 
m easured  b y  r e p e a t i n g  th e  t e s t  on an u n c o a te d  s u b s t r a t e ,  
w h ic h  ha d  been c le a n e d  i n  th e  u s u a l  m anner i n c l u d i n g  e x p o s u re  
t o  a glow d is c h a r g e .  By s u b t r a c t i o n ,  t h e  com ponent o f  th e
h o r i z o n t a l  f o r c e  due t o  s h e a r in g  t h e  m e ta l  f i l m  f r o m  th e
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s u b s t r a t e  and p u s h in g  i t  a s id e  was o b t a in e d ,  t h a t  i s ,  P + P ^ .  
T a b le  6 .2  shows some o f  t h e  r e s u l t s  and i t  ca n  be seen t h a t  
th e  h o r i z o n t a l  f o r c e s  a re  v e r y  much lo w e r  th a n  e x p e c te d .
The m a g n itu d e  o f  t h e  f o r c e s  and t h e i r  i n c r e a s e  w i t h  f i l m  
t h i c k n e s s  s u g g e s ts  t h a t  th e  r e s i d u a l  h o r i z o n t a l  f o r c e  was 
P , and t h a t  t h e  m o t io n  o f  t h e  p o i n t  a c ro s s  th e  f i l m  s u r fa c e  
was o n l y  p u s h in g  a s id e  t h e  f i l m  m a t e r i a l ,  th e  a d h e s io n  bonds  
b e tw e e n  th e  f i l m  and th e  s u b s t r a t e  h a v in g  a l r e a d y  been b r o k e n .
I n  th e  p r e v io u s  c h a p te r  i t  was s h o rn  t h a t  th e  
v e r t i c a l  l o a d  r e q u i r e d  t o  rem ove a m e ta l  f i l m  c o m p le te ly  
f r o m  a s u b s t r a t e  was in d e p e n d e n t  o f  f i l m  t h i c k n e s s  ( f o r  
t h ic k n e s s e s  g r e a t e r  t h a n  5 0 0 A ) ,  in d e p e n d e n t  o f  t h e  h a rd n e s s  
o f  th e  m e ta l  and th e  f o r m a t i o n  o f  a p r o t e c t i v e  c o a t i n g ,  b u t  
de pe nd en t"  u p o n  th e  f i l m  m a t e r i a l  and th e  n a t u r e  o f  th e  
s u b s t r a t e ,  ■ On th e  o t h e r  h a n d , a f t e r  a l lo w a n c e s  have been  
made f o r  any p lo u g h in g  e f f e c t s  t h a t  m ig h t  be p r e s e n t ,  th e  
h o r i z o n t a l  f o r c e  does n o t  seem ad eq ua te  t o  s h e a r  th e  a d h e s io n  
bonds b e tw e e n  t h e  f i l m  and t h e  s u b s t r a t e .  T h is  w o u ld  s u g g e s t  
t h a t  t h e  a d h e s io n  bonds  a re  s h e a re d  as a r e s u l t  o f  th e  
d e f o r m a t io n  o f  th e  s u r fa c e  p ro d u c e d  b y  th e  v e r t i c a l  l o a d .
4 .  V e r t i c a l  Load
I t  has  b e en  s h o rn  t h a t  when a lo a d e d  s p h e r i c a l  
p o i n t  r e s t s  on a s u r f a c e  d e f o r m a t io n  o f  t h e  s u r f a c e  o c c u r s .
I f  a m e ta l  f i l m  has b e en  d e p o s i t e d  on t h e  s u r fa c e  th e n  i t
TABLE 6.2
H o r i z o n t a l  f o r c e  r e q u i r e d  to  s h e a r  
a m e ta l  f i l m  f r o m  a s u r f a c e
F i lm  V e r t i c a l  
T h ic k n e s s  A Load
x l O ^  dynes
H o r iz o n t  a l  
F o rc e  Fj^
X 1 0 ^  dynes
P lo u g h in g  
Component P^
X 1 0 ^  dynes
(F  + P^) =
(F h  -  % )
x: 10*^ dynes
S i l v e r / G l a s s
105 3 0 . 3 0 . 2 0 .1
265 4 0 .9 0 . 8 0 .1
457 5 1 .1 1 .0 0 .2
770 5 1 . 4 1 .0 0 . 4
1038 5 1 . 5 1 .0 0 ,5
C o p p e r /G la s s
359 25 6 .0 5 .5 0 . 5
871 30 7 .5 6 .5 1 .0
1336 30 8 . 3 6 .5 1 .8
1672 30 9 . 0 6 .5 2 .5
1935 30 1 0 .0 6 .5 3 .5
2580 30 1 1 .0 6 .5 4 .5
S i l v e r / S i l i c a
225 10 2 .5 2 .3 0 .2
629 13 3 .5 3 .0 0 .5
1258 14 4 .0 3 .2 0 .8
1473 15 5 .0 3 .5 1 .5
1857 15 5 .5 3 .5 2 .0
2660 15 6 . 3 3 .5 2 .8
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w i l l  a ls o  be d e fo rm e d  t o  c o n to u r  th e  shape o f  th e  i n d e n t a t i o n ,  
as sho^m i n  F ig u r e  6 . 4 .  T h is  w o u ld  cause  s t r e t c h i n g  o f  th e  
f i l m  and a s h e a r in g  f o r c e  t o  be s e t  u p  a t  th e  i n t e r f a c e  
b e tw e e n  t h e  f i l m  and th e  s u b s t r a t e .  T h is  s h e a r in g  f o r c e  ‘ 
w o u ld  have a maximum v a lu e  a t  th e  l i p  o f  th e  i n d e n t a t i o n  
and th e  t e n s i l e  f o r c e s  i n  th e  f i l m  w o u ld  be s m a l l  i n  
c o m p a r is o n .  R u p tu re  o f  t h e  f i l m  a ro u n d  th e  a r e a  o f  c o n t a c t  
w o u ld  r e a d i l y  o c c u r .  As th e  lo a d  was in c r e a s e d  so th e  
s h e a r in g  f o r c e  w o u ld  in c r e a s e  u n t i l  i t  re a c h e d  a v a lu e  a t  
w h ic h  th e  a d h e s io n  bonds b e tw e e n  th e  f i l m  and th e  s u b s t r a t e  
w o u ld  be b r o k e n  a t t h e  l i p .  Once t h i s  o c c u r r e d  th e  
s h e a r in g  o f  th e  f i l m  w o u ld  r e a d i l y  e x te n d  o v e r  th e  T^h.ole 
i n d e n t a t i o n  and th e  h o r i z o n t a l  m o t io n  o f  t h e  p o i n t  w o u ld  
p u s h  th e  s h e a re d  m e ta l  a s id e .
F ig u r e  6 . 5  shows i n  m ore  d e t a i l  th e  f o r c e s  a c t i n g  
on t h e  s p h e r i c a l  p o i n t .  W i s  t h e  lo a d  on t h e  p o i n t  o f  
r a d iu s  r ,  F i s  t h e  s h e a r in g  f o r c e  p e r  u n i t  a re a  due t o  th e  
d e f o r m a t io n  o f  th e  s u b s t r a t e ,  and * a* i s  t h e  h a l f  t r a c k  w i d t h .  
P i s  a f o r c e  a c t i n g  a g a in s t  t h e  d e f o r m a t io n  an d , when t h i s  
d e f o r m a t io n  i s  p l a s t i c ,  P i s  s i m i l a r  t o  a u n i f o r m  h y d r o s t a t i c  
p r e s s u r e  a c t i n g  n o rm a l t o  t h e  s u r fa c e  o f  t h e  i n d e n t a t i o n  and , 
t h e r e f o r e ,  c an be t a k e n  as th e  i n d e n t a t i o n  h a rd n e s s  o f  th e  
s u b s t r a t e  m a t e r i a l .  From t h e  t r i a n g l e  o f  f o r c e s ,  ABC, shown 
i n  F ig u r e  6 .5
M e t a l  f i l m
S u b s t r a t e
F i g u r e  6 , 4 .  S h e a r i n g  f o r c e  d u e  t o  t h e  d e f o r m a t i o n  o f
t h e  s u b s t r a t e .
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P = P . t a n  9
. P
v / r ^ - a ^
I t  has  b e e n  shovm e a r l i e r  i n  t h i s  c h a p t e r  t h a t
a = Æ  
V TlP
T a b le  6 . 3  shows th e  v a lu e s  o f  P f o r  v a r i o u s  lo a d s  on a 
p o i n t  o f  r a d iu s  0 .0 0 3  cm. p r e s s in g  on  a g la s s  s u r f a c e .
I t  can  be seen t h a t  th e  v a lu e s  a re  o f  th e  r i g h t  o r d e r  o f  
m a g n i tu d e  when com pared  w i t h  t h e  a p p ro x im a te  v a lu e  o f  
15 X 10^ d y n e s /c m .^  f o r  t h e  f o r c e  r e q u i r e d  t o  overcom e 
v a n  d e r  W aals* f o r c e s  bet^'^een a m e ta l  f i l m  and a g la s s  
s u r fa c e  as c a l c u l a t e d  e a r l i e r .
I f  t h e  t h e o r y  i s  c o r r e c t  t h e n  th e  g e o m e try  o f  
F ig u r e  6 . 5  i n d i c a t e s  t h a t ,  f o r  t h e  s h e a r in g  f o r c e , P , to  
re m a in  c o n s t a n t ,  an in c r e a s e  i n  r  w i l l  r e q u i r e  a c o r r e s ­
p o n d in g  in c r e a s e  i n  th e  v e r t i c a l  l o a d .  To g iv e  th e  v a r i a t i o n  
o f  r a d i u s ,  b a l l  b e a r in g s  o f  d ia m e te r s  l /3 2 * ^  and l / l 6 "  w ere  
m ou n te d  on s t e e l  p e g s .  These , t o g e t h e r  w i t h  th e  gramophone 
n e e d le s ,  gave a s e r i e s  o f  r a d i i  o f  0 . 0 0 3 ,  0 .0 4 0  and 0 .0 8 0  cm. 
A d h e s io n  t e s t s  w e re  c a r r i e d  o u t  on a num ber o f  m e ta l  f i l m s  
d e p o s i t e d  on g la s s  and T a b le  6 . 4  shows th e  r e s u l t  o f  one 
su ch  t e s t .  As t h e  r a d iu s  o f  t h e  s p h e r i c a l  p o in t  was in c r e a s e d
TABLE 6.3
The s h e a r in g  f o r c e ,  F ,  f o r  v a r i o u s  lo a d s  on g la s s
Load
gm.
S h e a r in g  f o r c e ,  P 
X 10® d y n e s /c m .^
5 3 0 .0
10 4 1 .7
25 6 6 .6
50 9 5 .0
100 1 3 3 .5
250 2 1 2 .0
500 2 9 8 .0
TABLE 6.4
V a r i a t i o n  o f  th e  r a d iu s  o f  the  s p h e i * lc a l  p o i n t




a ( e x p e r . )  
cm.
a ( t h e o r  . )  
cm.
F
dyne s / c m . ^
0 .0 0 3 3 0 .0 0 0 8 0.0002 21 X 10®
0 .0 4 0 300 0 .0 0 3 0.002 20 X 10®
0 .0 8 0 1000 0 .0 0 5 0 .0 0 3 15 X 10®
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so th e  lo a d  r e q u i r e d  t o  rem ove th e  f i l m  in c r e a s e d  t o  g iv e  a 
re a s o n a b ly  c o n s ta n t  v a lu e  f o r  th e  s h e a r in g  f o r c e ,  F .
I n  a c c o rd a n c e  w i t h  th e  t h e o r y ,  when d i f f e r e n t  
s u b s t r a te  m a t e r ia ls  a re  u se d  and a d h e s io n s  h a ve  to  be 
co m p a re d , th e  in d e n t a t io n  h a rd n e s s  o f  th e  m a t e r i a l  m u s t be 
c o n s id e re d ,  s in c e  th e  s h e a r in g  f o r c e  i s  d e p e n d e n t o n  b o th  
th e  v e r t i c a l  lo a d  and th e  h a rd n e s s  o f  th e  s u b s t r a t e .  T h is  
i s  shown i n  T a b le  6 .5  w here  th e  v e r t i c a l  lo a d s  r e q u i r e d  to  
rem ove a s i l v e r  f i l m  f ro m  a num ber o f  m a t e r ia ls  a re  t a b u la t e d .  
I t  w o u ld  a p p e a r f ro m  th e  v e r t i c a l  lo a d  a lo n e  t h a t  s i l v e r  has 
th e  g r e a te s t  a d h e s io n  t o  p l a s t i c s  end a p o o re r  a d h e s io n  t o  
g l a s s - l i k e  m a t e r ia ls  and c r y s t a l  fa c e s .  H ow ever, th e  t r u e  
p i c t u r e  i s  o b ta in e d  when th e  in d e n t a t io n  h a rd n e s s  o f  th e  
m a t e r ia l  i s  ta k e n  i n t o  a c c o u n t and th e  s h e a r in g  f o r c e ,  F , 
r e q u i r e d  t o  rem ove th e  f i l m  i s  c a lc u la t e d ,  as i n  c o lu m n  4 .
I t  can  th e n  be seen t h a t  s i l v e r  ha s  th e  s t r o n g e s t  a d h e s io n  
to  g la s s  and s i l i c a ,  a w e a ke r a d h e s io n  t o  th e  p l a s t i c s ,  and 
a p o o r a d h e s io n  to  c r y s t a l  f a c e s .
5 .  C a l ib r a t io n  o f  th e  A p p a ra tu s
I t  a p p e a rs  th e n  t h a t  th e  m echan ism  b y  w h ic h  a f i l m  
i s  rem oved  f ro m  a s u b s t r a te  s u r fa c e  i s  one i n  v h ic h  th e  f i l m  
i s  f i r s t  s h e a re d  f r o m  th e  s u r fa c e  b y  th e  v e r t i c a l  lo a d  on 
th e  s p h e r ic a l  p o in t  and th e n  p u she d  a s id e  b y  th e  h o r i z o n t a l
TABLE 6.5
A d h e s io n  o f  a s i l v e r  f i l m  t o  th e  s u r fa c e s  
o f  v a r io u s  m a t e r ia ls
M a t e r ia l V. H. N.
V e r t i c a l  lo a d  
gm.
F X 10® 
d yn e s /cm . ^
S i l i c a 496 10 42
G la ss 400 7 32
P e rs p e x  . 2 5 .0 100 30
P o ly s ty r e n e 2 2 .0 25 14
C .H . 39 1 8 .0 100 24
X y lo n i t e 1 4 .5 60 16
N aC l (lO O ) 1 8 .6 10 8 .1
K B r (lO O ) 9 .0 . 9 5 .0
KOI (lO O ) 8 .0 10 5. 3
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m o t io n  o f  th e  p o in t .  The s h e a r in g  fo r c e  w h ic h  rem oves  th e  
f i l m  c an be c a lc u la t e d  f ro m  th e  v a lu e  o f  th e  v e r t i c a l  lo a d  
r e q u i r e d  to  g iv e  a c le a r  s c r a t c h ,  th e  r a d iu s  o f  th e  
s p h e r ic a l  p o in t ,  and th e  in d e n t a t io n  h a rd n e s s  o f  th e  s u r fa c e  
m a te r i  a l .
The in d e n t a t io n  h a rd n e s s  o f  a num ber o f  s u b s t r a te  
m a t e r ia ls  was m e a su re d  b y  th e  V ic k e r s  P y ra m id  H a rdn ess  
T e s t in g  M a ch in e  and, k n o w in g  th e  e l a s t i c  m od u lus  o f  each  
m a t e r i a l ,  th e  o n s e t o f  p l a s t i c i t y  was c a lc u la t e d  f o r  each  
m a t e r i a l .  Prom T a b le  6 .6  i t  can be seen t h a t ,  f o r  a t i p  
r a d iu s  o f  0 .0 0 3  c m ., p l a s t i c i t y  o c c u rs  a t v e r y  l i g h t  lo a d s ,  
even  f o r  th e  h a r d e s t  m a t e r i a l .  Thus c a l i b r a t i o n  c u rv e s  
can be d ra w n  f o r  a g iv e n  t i p  r a d iu s  so th a t  th e  s h e a r in g  
f o r c e  a t th e  i n t e r f a c e  i s  knowrn f o r  any lo a d  g r e a te r  th a n  
t h a t  w h ic h  ca u se s  th e  o n s e t o f  p l a s t i c i t y .  F ig u r e  6 .6  
g iv e s  such  c a l i b r a t i o n  c u rv e s  f o r  th e  a p p a ra tu s  u s in g  a t i p  
r a d iu s  o f  0 .0 0 3  cm. and a num ber o f  in d e n t a t io n  h a rd n e s s e s .
6 .  C o n c lu s io n s
The a p p a ra tu s  d e s c r ib e d  c an be u s e d  e i t h e r  as a 
c o m p a ra t iv e  m easure  o f  a d h e s io n  f o r  f i lm s  on  th e  same s u b s t r a te  
b y  s im p ly  c o m p a r in g  v e r t i c a l  lo a d s  o r  f o r  an a b s o lu te  
m easurem en t o f  a d h e s io n .  From  th e  c a l i b r a t i o n  c u r v e s ,  i t  
c a n  be se e n  t h a t  a d h e s io n  m easu rem en ts  i w i l l  be m ore a c c u ra te
TABLE 6.6
THE ONSET OF PLASTIC ITY  FOR VARIOUS MATERIALS
M a te r i  a l
E X 1 0 ^^
d yn e s /cm
V .H .N . X 10® 
d yn e s /ca n .^
O nse t o f  
P la s t i  c i t y  
g ra m s .
S i l i e  a 8 ^ 496 2 .8
G la ss 7^ 400 2 .0
P e rs p e x 0 .1 5  -  1 .0 ^ 2 5 .0 0 .0 0 5
P o ly s ty re n e M 2 2 .0 0 .0 0 5
C .R . 39 1Î 1 8 .0 0 .0 0 2
X y lo n i t e ft 1 4 .5 0 .0 0 1
NaC-E. (1 0 0 ) 2 .5  * 1 8 .6 0 .0 0 1
KBr (1 0 0 ) 1 .6  * 9 .0 0 .0 0 0 1
KC-t (1 0 0 ) 1 .7  * 8 .0 0 .0 0 0 1
j  Kaye and L a b y^^  
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on h a rd  s u b s t r a te s  w h e re  th e  s h e a r in g  fo r c e  v a r ie s  m ore 
r a p id l y  w i t h  v e r t i c a l  lo a d .  A c c u ra te  u se  o f  t h i s  a p p a ra tu s  
^ j 'd l l  be l i m i t e d  t o  a b s o rb in g  f i lm s  o n  t r a n s p a r e n t  s u b s t r a te s  
s in c e  th e  s c r a tc h e s  s h o u ld  be v ie w e d  i n  a lo w -p o w e re d  
m ic ro s c o p e  u s in g  t r a n s m i t t e d  l i g h t .
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CHAPTER 7
THE ADHESION OP THIN METALLIC FILMS TO GLASS
1 .  I n t r o  due t i o n
The m e ta ls  e xa m in e d  i n  t h i s  i n v e s t i g a t i o n  w ere 
A u, Ag, AI, C r ,  Pb, N i ,  Cu, Ca, Mg, Mn, Z n , Cd, Mo, Sn, F e ,
T i and Z r .  T h in  f i lm s  o f  th e s e  m e ta ls  w e re  d e p o s ite d  b y  
e v a p o r a t io n  on t o  h ig h  q u a l i t y  s o d a - s i l i c a  m ic ro s c o p e  s l i d e s . 
A num ber o f  sp e c im e n s  o f  ea ch  m e ta l h a v in g  a ra n g e  o f  
t h ic k n e s s  w ere  d e p o s ite d  a t v a r y in g  r a t e s .  A f t e r  d e p o s i t io n  
o f  th e  f i l m ,  th e  sp e c im e n  was rem oved fro m  th e  vacuum  
cham ber and th e  a d h e s io n  m e a su re d  im m e d ia te ly  and th e  t im e  
b e tw e e n  d e p o s i t io n  and th e  f i r s t  a d h e s io n  m easurem en t was 
a p p r o x im a te ly  f o u r  m in u te s .  S in c e  a l l  th e  m easurem en ts  
w e re  made on a g la s s  s u r fa c e ,  th e  f ig u r e s  g iv e n  f o r  th e  
a d h e s io n  a re  th e  v e r t i c a l  lo a d s  r e q u i r e d  t o  rem ove th e  f i lm s  
and n o t th e  a c tu a l  s h e a r in g  f o r c e s  d e v e lo p e d . The a d h e s io n  
was m easu red  a t  i n t e r v a l s  o v e r  a p e r io d  o f  600 h o u rs  i n  o r d e r  
t o  s tu d y  any a g e in g  e f f e c t s  w h ic h  m i g a t o c c u r ,  th e  spe c im e ns 
b e in g  k e p t  a t  room  te m p e ra tu re  i n  a d e s s ic a to r  b e tw e e n  
m e a s u re m e n ts .
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2 .  R e s u lts
The v a r i a t i o n  o f  a d h e s io n  ind th  t im e  f o r  a 
s e le c t io n  o f  m e ta l spe c im e ns  a re  shovm i n  F ig u r e s  7 . 1 -  7 .1 4  
a t th e  end o f  th e  c h a p te r  and th e  a d h e s io n  r e s u l t s  f o r  a l l  
th e  m e ta ls  exa m in ed  a re  d e s c r ib e d  b e lo w .
G o ld  ( F ig .  7 . 1 ) .  G o ld  f i lm s  w ere  d e p o s ite d  a t  r a t e s  
v a r y in g  b e tw e e n  1 -1 4  A /s e c .  and had a th ic k n e s s  ra n g e  o f  
1 0 0 -1 3 0 0 A. The a d h e s io n  o f  a l l  th e  g o ld  f i lm s  e xa m in ed
was p o o r  (2  g n . ) and th e r e  was no v a r i a t i o n  o f  a d h e s io n  
o v e r  th e  600 h o u r  a g e in g  p e r io d .
S i l v e r  ( F ig .  7 . 2 ) .  S i l v e r  f i l m s  h a v in g  a th ic k n e s s  ra n g e  
o f  10 0 -1 6 0 0 A  w ere  d e p o s ite d  a t  r a t e s  v a r y in g  fro m  8 -9 0  A /s e c  
F o r  a l l  th e  f i lm s  e xa m in e d  th e  i n i t i a l  a d h e s io n  was p o o r  
(5  gm .) b u t  i n  each ca se  t h e r e  was a s l i g h t  in c r e a s e  o f  
a d h e s io n  o v e r  th e  600 h o u r  t im e  p e r io d .
Lead ( F i g . 7 . 5 ) .  The a d h e s io n  o f  a l l  th e  le a d  f i lm s
3e xa m in ed  was e x t r e m e ly  p o o r  (-^ gm. ) and th e r e  was no 
v a r i a t i o n  o f  a d h e s io n  w i t h  t im e .  The th ic k n e s s  ra n g e  f o r  
th e  le a d  f i lm s  was 2 5 0 -1 2 0 0 A  and th e  r a te s  o f  d e p o s i t io n  
w e re  i n  th e  ra n g e  o f  5 -4 0  A /s e c .
A lu m in iu m  ( F ig .  7 . 4 ) .  A lu m in iu m  f i lm s  h a v in g  a ra n g e  o f  
th ic k n e s s e s  b e tw e e n  6 0 -1 3 0 0 A  w ere  d e p o s ite d  a t  r a te s  v a r y in g
81
f ro m  2 -7 0  A /s e c .  I n  a l l  case s  th e  i n i t i a l  a d h e s io n  was 
p o o r  (7  g m .) b u t  th e r e  was a s l i g h t  in c r e a s e  u n t i l ,  b e tw e e n  
150 and 250 h o u rs ,  a m ore r a p id  in c re a s e  i n  a d h e s io n  
o c c u r r e d .  A t 3 0 0 -5 0 0  h o u rs  an a p p ro x im a te ly  c o n s ta n t  
v a lu e  o f  6 0 -8 0  gram s v;as re a c h e d .
F i lm s  o f  z in c  and cadm ium  do n o t  r e a d i l y  condense  
on g la s s  a t room  te m p e ra tu re  u n le s s  th e  v a p o u r  i n t e n s i t y  i s  
h ig h  o r  th e  s u b s t r a te  i s  p re c o a te d  w i t h  atom s o f  a lo w  
v a p o u r  p re s s u re  m e ta l to  a c t  as n u c le i  f o r  c o n d e n s a t io n .
F i lm s  o f  b o th  m e ta ls  w ere d e p o s ite d  on  g la s s  a t room  
te m p e ra tu re  w i t h o u t  p r e c o a t in g  th e  s u b s t r a t e .
Z in c  ( F ig .  7 . 5 ) .  The th ic k n e s s  ra n g e  o f  z in c  f i lm s  
exa m in ed  was 1 3 0 -4 0 0 A  and th e  r a t e  o f  d e p o s i t io n  ra n g e d  
f ro m  7 -1 4  A /s e c .  The i n i t i a l  a d h e s io n  o f  th e  z in c  f i lm s  
was p o o r  (3  g m .) b u t t h e r e  was a s te a d y  in c r e a s e  o v e r  th e  
600 h o u r  t im e  p e r io d  t o  a f i n a l  v a lu e  o f  8 g ra m s .
Cadmium ( F ig .  7 . 6 ) .  Cadmium f i lm s  o f  th ic k n e s s e s  1 7 5 -7 9 0 A , 
d e p o s ite d  a t  r a t e s  fro m  1 2 -2 3  A / s e c . ,  w e re  e x a m in e d . T h ic k  
f i lm s  had  a m i l k y  w h ite  a p p e a ra nce  w h ic h  s u g g e s te d  a h i g h ly  
a g g re g a te d  s t r u c t u r e .  The a d h e s io n .o f  a l l  th e  cadmium f i lm s  
e xa m in e d  was p o o r  (7  g n . ) to  b e g in  id . th  b u t  t h e r e  was a 
r a p id  in c r e a s e  t o  a v a lu e  o f  1 5 -2 0  gram s w i t h i n  100 h o u rs .
The a d h e s io n  re m a in e d  c o n s ta n t  a t t h i s  v a lu e  f o r  th e  r e s t  o f
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th e  600 h o u r  t im e  p e r io d .
T in  ( F ig .  7 . 7 ) .  T in  f i lm s  a ls o  h a d  t h i s  m i l k y  T^diite 
ap p e a ra n ce  a t  g r e a te r  f i l m  t h ic k n e s s e s .  The ra n g e  o f  
th ic k n e s s e s  e xa m in e d  was 2 5 0 -1 0 8 0 A  and th e  r a t e  o f  d e p o s i t io n  
ra n g e d  f ro m  3 -1 2  A /s e c .  The a d h e s io n  was i n i t i a l l y  p o o r  
(2  g m .) and d ro p p e d  t o  a s m a l le r  v a lu e  gm. ) i n  a v e r y  
s h o r t  t im e ,  a t T ^iiich  i t  re m a in e d  f o r  th e  r e s t  o f  th e  t im e  
p e r io d .
C opper ( F ig .  7 . 8 ) .  Copper f i lm s  w e re  d e p o s ite d  a t  r a te s  
f ro m  4 ^ -2 0  A /s e c .  and c o v e re d  a ra n g e  o f  th ic k n e s s e s  b e tw e e n  
1 3 0 -5 0 0 A . The a d h e s io n  re m a in e d  c o n s ta n t  o v e r  600 h o u rs  a t  
a v a lu e  o f  2 5 -3 0  g ra m s . H ow ever, i n  s e v e r a l  c a s e s , th e  
i n i t i a l  a d h e s io n  was p o o r  (1 0  g ra m s) b u t  r a p id l y  ro s e  to  a 
c o n s ta n t  v a lu e  o f  2 5 -3 0  gm.
M anganese ( F ig .  7 . 9 ) .  M anganese f i l m s ,  w i t h  th ic k n e s s e s  
b e tw e e n  2 2 5 -1 5 0 0 A , w e re  d e p o s ite d  a t r a t e s  o f  6 -4 0  A /s e c . ,  
and a l l  showed a s te a d y  r i s e  i n  a d h e s io n  w i t h  t im e .  The 
a d h e s io n  in c r e a s e d  s lo w ly  f ro m  an i n i t i a l  v a lu e  o f  10 g ra n s  
to  a b o u t 5 0 -1 0 0  gram s i n  200 h o u rs  ; th e  in c r e a s e  th e n  became 
m ore r a p id ,  r e a c h in g  a f i n a l  v a lu e  o f  3 0 0 -5 0 0  g ra m s .
N ic k e l  ( F ig .  7 . 1 0 ) .  U n fo r t u n a t e ly ,  n i c k e l  a l lo y s  m t h  th e  
f i la m e n t  m a t e r ia l  c a u s in g  th e  f i la m e n t  t o  b u rn  o u t r a p i d l y .
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T h e re fo r e ,  th e  d e p o s i t io n  o f  t h i c k  f i lm s  g r e a te r  th a n  300A 
was fo u n d  t o  be w e l l  n ig h  im p o s s ib le .  The th ic k n e s s e s  o f  
th e  f i lm s  e xa m in e d  ra n g e d  fro m  1 0 0 -3 0 0 A  and w ere  d e p o s ite d  
a t  r a te s  f ro m  4 -2 2  A /s e c .  A l l  th e s e  f i lm s  had  a p o o r
a d h e s io n  i n i t i a l l y  (1 0  gm. ) b u t th e  a d h e s io n  in c r e a s e d
s t e a d i l y  v d th  t im e  t o  a f i n a l  v a lu e  o f  150-3000% .
I r o n  ( F ig .  7 .1 1 )  . I r o n  f i l m s ,  d e p o s ite d  a t  r a t e s  o f  
8 -1 0  A /s e c .  and h a v in g  a th ic k n e s s  ra n g e  o f  2 3 0 -6 5 0 A , a d h e re d  
s t r o n g ly  to  g la s s ,  th e  i n i t i a l  a d h e s io n  b e in g  5 0 -1 0 0  g ra m s . 
Even s o ,  th e re  was a r a p id  r i s e  i n  adh e s i  on and a f t e r  a s h o r t
t im e  th e  f i lm s  c o u ld  n o t  be rem oved  c le a n ly  fro m  th e  s u b s t r a te
A t lo a d s  g r e a te r  th a n  500 gram s th e  g la s s  s u b s t r a te  c ra c k e d  
th o u g h  th e  i r o n  f i lm s  s t i l l  a d h e re d  and c o u ld  n o t  be 
c o m p le te ly  re m o ve d . I n  t h i s  c a s e , th e  a d h e s io n  was ta k e n  
as th e  lo a d  T'^h.ich l e f t  th e  m in im um  am ount o f  m e ta l i n  th e  
s c r a t c h .  As th e  b ro k e n  l i n e  in d ic a t e s  i n  th e  a d h e s io n  
c u rv e ,  t h i s  o c c u r re d  a t  lo a d s  o f  2 0 0 -4 0 0  gram s a f t e r  a s h o r t  
t im e ,  th o u g h  th e  a d h e s io n  soon  in c r e a s e d  t o  g r e a te r  th a n  
500 g ra m s , t h a t  i s ,  eve n  a t t h i s  maximum lo a d ,  th e r e  was 
s t i l l  a la r g e  amount o f  m e ta l l e f t  i n  th e  s c r a t c h .
Chrom ium  ( F ig .  7 . 1 2 ) .  The a d h e s io n  o f  th e  ch rom ium  f i lm s  
e xa m in e d  was v e r y  s i m i l a r  t o  t h a t  o f  i r o n ,  th e  i n i t i a l  
a d h e s io n  b e in g  1 0 0 -1 5 0  gram s b u t  soon r i s i n g  t o  g r e a te r  th a n
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500 g ra m s . The th ic k n e s s  ra n g e  f o r  th e s e  f i lm s  was 
1 5 0 -1 1 5 0 A  and th e y  w e re  d e p o s ite d  a t  r a te s  o f  1 -6  A /s e c
M olybdenum  ( F ig .  7 . 1 3 ) .  O n ly  v e r y  t h i n  f i lm s  o f  m olybdenum  
w ere  o b ta in e d .  The i n i t i a l  a d h e s io n  o f  th e s e  f i lm s  was 
p o o r  ( 5  g m .) b u t  t h e r e  was a v e r y  r a p id  in c r e a s e  to  an 
a d h e s io n  g r e a t e r  th a n  500  g ra m s .
T ita n iu m  ( F ig .  7 . 1 4 ) .  O n ly  t h i n  f i l m s  o f  t i t a n iu m  w ere 
o b ta in e d ,  due t o  a l l o y in g  o f  th e  m e ta l w i t h  th e  s o u rc e  
m a t e r i a l .  The i n i t i a l  a d h e s io n  o f  th e s e  t h i n  f i lm s  was 
o f  th e  o rd e r  o f  5 gram s b u t t h e r e  was a s te a d y  in c re a s e  
u n t i l ,  a f t e r  250 h o u r s ,  th e  a d h e s io n  was g r e a t e r  th a n  
500 g ra m s .
Z ir c o n iu m .  F o r  re a s o n s  s i m i l a r  t o  th o s e  i n  th e  case o f  
t i t a n iu m ,  o n ly  t h i n  f i lm s  o f  z ir c o n iu m  w e re  d e p o s ite d .  I n  
t h i s  c a s e , h o w e v e r, th e  i n i t i a l  a d h e s io n  o f  th e  z ir c o n iu m  
f i lm s  was v e r y  h ig h  (1 0 0 -3 0 0  gm .) and even th e n  th e  f i l m  
was n o t  c o m p le te ly  re m o ve d . The f i lm s  w ere  c o m p le te ly  
n o n -re m o v a b le  a f t e r  24 h o u r s .
M agnes lum . M agnesium  f i l m s ,  h a v in g  a th ic k n e s s  ra n g e  o f  
1 2 0 -4 5 0 A , w ere  d e p o s ite d  a t  r a t e s  v a r y in g  f ro m  9 -1 3  A /s e c .  
The t h i c k  f i lm s  h a d  th e  m i l k y  w h ite  ap p e a ra n ce  p r e v io u s ly  
m e n t io n e d  th o u g h ,  i n  t h i s  c a s e , i t  may be due t o  th e  
f o r m a t io n  o f  w h i te  MgO. T hough , i n i t i a l l y ,  some o f  th e
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f i lm s  e xa m in e d  c o u ld  be re m o ve d  f ro m  th e  s u b s t r a te ,  th e  
a d h e s io n  in c r e a s e d  v e r y  r a p i d l y  so t h a t  a l l  f i lm s  w ere  
n o n -re m o v a b le  i n  a fe w  h o u r s .
C a lc iu m . A d h e s io n  m e a su re m e n ts  on  c a lc iu m  f i lm s  w ere  
u n o b t a i nab le  s in c e  a l l  th e  f i lm s  d e p o s ite d  seemed to  
d is a p p e a r ,  due t o  e i t h e r  r e - e v a p o r a t io n  o r  o x id a t io n  to  a 
t r a n s p a r e n t  l a y e r .  To exam ine  t h i s  phenom enon, p a r t  o f  
a f r e s h l y  d e p o s ite d  c a lc iu m  f i l m  was c o v e re d  b y  an opaque 
s i l v e r  f i l m  f o r  a th ic k n e s s  m e a s u re m e n t. The c a lc iu m  
f i l m  was th e n  a l lo w e d  t o  age and w here  n o t  c o v e re d  b y  s i l v e r  
seemed to  d is a p p e a r .  A s e c o n d  s i l v e r  f i l m  was d e p o s ite d  
o v e r  th e  aged a re a  o f  th e  c a lc iu m  f i l m ,  th e  th ic k n e s s  o f  
v /h ic h  was th e n  m e a s u re d . The r e s u l t s  o f  th e  tw o  th ic k n e s s  
m ea sure m en ts  showed t h a t  c o m p le te  o x id a t io n  o f  th e  aged 
c a lc iu m  f i l m  h a d  o c c u r r e d ,  th e  th ic k n e s s  o f  th e  f r e s h  
d e p o s i t  b e in g  114A com pared  t h  184A f o r  th e  aged a re a .
3 .  D is c u s s io n
L e v in s t e in ^  has s u g g e s te d  t h a t  th e  s t r u c t u r e  o f  
a m e ta l f i l m  can  be c o r r e la t e d  to  th e  m e l t in g  p o in t  o f  th e  
m e ta l f ro m  w h ic h  i t  i s  d e p o s i te d .  As m e n t io n e d  i n  
C h a p te r  1 ,  th e  s t r u c t u r e  m us t a ls o  be r e la t e d  to  th e  a d h e s io n  
fo r c e s  a c t in g  b e tw e e n  th e  c o n d e n s in g  m e ta l atom s and th e
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s u b s t r a te  s u r fa c e  so t h a t  f i lm s  fo rm e d  fro m  h ig h  m e l t in g  
p o in t  m e ta ls  v t i ic h  ha ve  a c o n t in u o u s  s t r u c t u r e  s h o u ld  have 
a h ig h  a d h e s io n  t o  th e  s u b s t r a t e . T a b le  7 .1  shows th e  
m e ta ls  e xa m in e d  i n  th e  p r e s e n t  i n v e s t i g a t i o n  i n  o rd e r  o f  
t h e i r  m e l t in g  p o in ts  t o g e th e r  w i t h  th e  i n i t i a l  and f i n a l  
v a lu e s  o f  a d h e s io n . The h ig h  m e l t in g  p o in t  m e ta ls  do 
a p p e a r to  ha ve  h ig h e r  v a lu e s  o f  a d h e s io n *  O th e r p h y s ic a l  
p r o p e r t ie s  a re  a ls o  n o te d  such  as th e  r a d iu s  o f  th e  u n iv a le n t  
io n  and th e  v a n  d e r  '^ a a ls *  a d h e s iv e  e n e rg y  b e tw e e n  th e  
m e ta l end th e  g la s s  s u r fa c e  ( c a lc u la t e d  a f t e r  th e  m e th od  
d e s c r ib e d  i n  C h a p te r  2 ) .  B a te s o n ^ '^  s u g g e s te d  t h a t  th e
a d h e s io n  o f  m e ta ls  t o  g la s s  was g r e a te r  f o r  m e ta ls  h a v in g  
u n iv a le n t  c a t io n s  o f  s m a ll r a d iu s  b u t ,  b y  c o m p a r in g  
co lu m n s  4 and 5 , i t  can  be seen t h a t  t h i s  s u g g e s t io n  i s  
n o t  c o n f irm e d  b y  th e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n .
S im i l a r l y ,  b y  c o m p a r in g  co lu m n s  4 and 6 ,  i t  can  r e a d i l y  
be seen t h a t  th e  m a g n itu d e  and ra n g e  o f  th e  a d h e s io n  o f  
th e s e  m e ta l f i lm s  t o  g la s s  and th e  a g e in g  e f f e c t s  o b s e rv e d  
c a n n o t be a c c o u n te d  f o r  i n  te rm s  o f  v a n  d e r  "7aa ls* fo r c e s  
a lo n e  b u t  m us t be a t t r i b u t e d  t o  some s t r o n g e r  fo r c e  o r  t o  
th e  f o r m a t io n  o f  a c h e m ic a l b o n d ,
^ "d l l ia m s  and B a cku s^  have  g iv e n  some r e s u l t s  f o r  
th e  a d h e s io n  o f  m e ta l f i lm s  to  g la s s .  U n fo r t u n a t e ly ,  th e  
e x p e r im e n ta l c o n d i t io n s  w ere  n o t g iv e n  and i t  m u s t be assumed
TABLE 7.1
The a d h e s io n  o f  me t a l  f i l ms t o  g la s s
M e ta l M, P. A d h e s io n  gm, 
I n i t .  P in a l
I o n ic  
Pad. A.
v a n  d e r  W a a ls ’ 
a d h e s iv e  e n e rg y  
K. c a l .  /m o le
Mo 2620 5 >  500 0 .9 3 2 .5
C r 1800 100 >  500 0 .8 1 1 .5
T i 1800 5 >  500 0 .9 6 2 .4
Z r 1600 200 >  500 1 .0 9 1 .9
Pe 1559 100 >  500 - 2 .8
N i 1452 10 200 — 3 .3
Mn 1460 10 400 0 .7 5 1 .2
Cu 1085 5 -3 0 30 0 .9 6 3 .0
Au 1063 2 2 1 .3 7 2 .1
Ag 916 6 8 1 .2 6 2. 6
A l 660 7 60 0 .7 2 3 .4
Mg 651 >  500 0 .8 2 1 .6
Zn 419 3 8 0 .8 8 2 .3
Pb 327 34 34 1 .0 6 2 . 3
Gd 321 5 15 1 .1 4 2 .0
Sn 232 2 2 0 .9 6 1 .2  .
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t h a t  th e  a d h e s io n  m easurem ents w ere made on f r e s h ly -  
d e p o s ite d  f i l m s .  They o b s e rv e d  th e  s t r i p p in g ’ a c t io n  o f  
c o l lo d io n  p re s s e d  on t o  th e  s u r fa c e  o f  th e  m e ta l f i lm s  b u t ,  
i n  any c a s e , o n ly  a ro u g h  e s t im a te  o f  a d h e s io n  c o u ld  be 
o b ta in e d .  A l l  t h a t  was o b s e rv e d  was w h e th e r th e  f i lm s  
w ere r e a d i l y  rem oved fro m  th e  g la s s  s u b s t r a te ,  o c c a s io n a l ly  
rem oved , o r  w ere n o n -re m o v a b le . T h e ir  r e s u l t s  a re  com pared 
M t h  th e  r e s u l t s  o f  th e  p re s e n t  in v e s t ig a t io n  i n  T a b le  7 .2  
and i t  ca n  be see n  th a t  th e r e  is  f a i r  agreem ent e x c e p t f o r  
le a d .  ”^^ i l l ia m s  and Backus p o in te d  o u t t h a t  th e  m e ta ls  
w h ic h  ynreve n o n -re m o v a b le  a ls o  fo rm e d  o x id e s  r e a d i l y ,
1 p
^'Veyl"^'^ has s u g g e s te d  th a t  th e  a d h e s io n  o f  a m e ta l 
f i l m  t o  g la s s  c o u ld  be due t o  th e  c o n t in u a t io n  o f  th e  g la s s  
s t r u c t u r e  b y  an in te r m e d ia te  o x id e  la y e r  T ^ ic h  w o u ld  a c t as 
a b r id g e  be tw e e n  th e  in c o m p a t ib le  s t r u c tu r e s  o f  th e  m e ta l 
f i l m  and th e  g la s s  s u r fa c e , The way i n  w h ic h  t h i s  o x id e  
bond b e tw e e n  th e  m e ta l f i l m  and th e  g la s s  s u r fa c e  c o u ld  be 
fo rm e d  has been d e s c r ib e d  by  B a t e s o n ^ w h o  c o n s id e re d  t h a t  
a f r e s h l y  c r e a te d  g la s s  s u r fa c e  was e x tre m e ly  r e a c t iv e  due 
t o  c e n t re s  o f  in c o m p le te  c o - o r d in a t io n  o f  th e  s i l i c o n  io n s  
and c e n t re s  w i t h  an e xce ss  o f  oxygen io n s .  The f r e e  v a le n c y  
fo r c e s  o f  th e  s i l i c o n  io n s  have t o  be s a t i s f i e d  and t h i s  
c o u ld  be a c h ie v e d  b y  t r a p p in g  w a te r  m o le c u le s  fro m  th e  
s u r ro u n d in g  a tm o s p h e re . I n  t h i s  way a n e u t r a l  la y e r  o f
TABLE 7.2 .
COMPARISON OF THE RESULTS OF WILLIAMS AND BACKUS 
VUTH THOSE OF THE PRESENT INVESTIGATION
W il l ia m s  and Backus
R e a d i ly  Removed O c c a s io n a l ly Non-Remov a b le
R h, Pd, P t ,  Hu N l, ‘ Cu, Ag, I n B e, kl, C r , 
Mh, W, Pb, U r
P re s e n t I n v e s t ig a t io n
Adhe s i  on ( g r  ams )
1 1 -4 4 -9 1 0 -2 0  2 0 -5 0  5 0 -1 5 0 1 5 0 -5 0 0  > 5 0 0  .
I  n i  t i  a l  Id h e  s i on
Pb Au N i Cu Pe Z r






F in a l  A d h e s io n
Pb Au Ag Cd Cu kl Mn Mo






OH g ro u p s  c o u ld  be fo rm e d  o n  th e  g la s s  s u r fa c e .  B a te s o n  
s u g g e s te d  t h a t  th e  im p in g in g  m e ta l a tom s w o u ld  r e a c t  v d th  
th e s e  g ro u p s  t o  fo rm  an o x id e  bond  w i t h  th e  g la s s  s u r fa c e ,  
th e  s t r e n g th  o f  th e  bond  d e p e n d in g  u p o n  th e  a f f i n i t y  o f  th e  
m e ta l f o r  o x y g e n .
I n  a g re e m e n t ^Adth t h i s  s u g g e s t io n .  T a b le  7 .1  
shows t h a t  th e  n o b le  m e ta ls ,  g o ld  and s i l v e r ,  ha ve  a p o o r  
a d h e s io n  t o  g la s s .  These m e ta ls  do n o t  e a s i l y  com b in e  
w i th  oxygen  and w o u ld  n o t  t h e r e f o r e  r e a c t  r e a d i l y  w i t h  th e  
OH g ro u p s  o n  th e  g la s s  s u r fa c e  t o  fo r m  an o x id e  b o n d . The 
a d h e s io n  o f  th e s e  m e ta ls  t o  g la s s  T O u ld  p r o b a b ly  be due to  
va n  d e r  W a a ls ’ f o r c e s .  On th e  o th e r  h a n d , m agnes ium , z ir c o n iu m ,  
and m olybdenum  become n o n -re m o v a b le  fro m  a g la s s  s u r fa c e  
a lm o s t im m e d ia te ly  a f t e r  d e p o s i t io n .  These m e ta ls  have  a 
g r e a t  a f f i n i t y  f o r  oxyg en  and c o u ld  com b ine  r e a d i l y  w i t h  
th e  o x y g e n  o f  th e  OH g ro u p s  on th e  g la s s  s u r fa c e .  I t  
a p p e a rs  th e n  t h a t  th e  a f f i n i t y  o f  a m e ta l f o r  o xyg e n  does 
a f f e c t  th e  a d h e s io n  o f  a m e ta l f i l m  t o  a g la s s  s u r f a c e .
H ow ever, th e  o xyg en  o f  th e  n e u t r a l  OH g ro u p s  i s  bonded  on 
one s id e  to  th e  s i l i c o n  io n  i n  th e  g la s s  s u r fa c e  and , on th e  
o th e r ,  t o  th e  h y d ro g e n  a to m . T h e re fo r e ,  o n ly  a u n iv a le n t  
m e ta l w o u ld  fo rm  a c o m p le te  o x id e  bo nd  t o  th e  g la s s  s u r fa c e  
b y  d is p la c in g  th e  h y d ro g e n  atoms, and th e  m u l t i v a le n t  m e ta ls .
Mg, Z r  and Mo, c o u ld  n o t  o b ta in  f u l l  c o - o r d in a t io n  w i t h
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o xyg e n  to  fo rm  th e  c o m p le te  o x id e  b o n d . A ls o ,  th e  l i m i t e d
o xyg e n  a v a i la b le  w o u ld  n o t  p e r m it  a c o n t in u o u s  In te r m e d ia te
17o x id e  la y e r ,  as o b s e rv e d  b y  S ta h l  , t o  be fo rm e d . U s in g  
e le c t r o n  d i f f r a c t i o n ,  S ta h l  fo u n d  t h a t ,  f o r  kl. B e , Mo, Mg 
and N i ,  th e  in te r m e d ia te  o x id e  la y e r  was s e v e r a l h u n d re d  
a n g s tro m s  t h i c k *  T h e r e fo r e ,  oxyg en  m u s t be s u p p l ie d  fro m  
a n o th e r  s o u rc e ,
S ta h l  has s u g g e s te d  t h a t  th e  m e t a l l i c  o x id e  was 
fo rm e d  i n  th e  r e g io n  o f  th e  e v a p o r a t io n  s o u rc e ,  th e  oxyg e n  
b e in g  o b ta in e d  fro m  th e  r e s id u a l  a tm o s p h e re . H is  i n v e s t i ­
g a t io n s  w e re  c a r r ie d  o u t  a t  th e  r e l a t i v e l y  h ig h  p re s s u re  o f  
lO"*"^ mm. H g . and s lo w  r a te s  o f  e v a p o r a t io n  w e re  u se d  t o  
b u i l d  up  th e  f i lm s  s te p  b y  s te p .  A t t h i s  p re s s u re ,  th e  
mean f r e e  p a th  o f  m e ta l atom s i n  a r e s id u a l  a tm o sph e re  o f
a i r  w o u ld  be a p p r o x im a te ly  30 c m ., and , w i t h  th e  s m a ll s o u rc e
to  s u b s t r a te  d is ta n c e  o f  1 cm. u s e d  b y  S t a h l ,  th e r e  w o u ld  be 
v e r y  fe w  c o l l i s i o n s  w i t h  th e  r e s id u a l  gas m o le c u le s  to  g iv e  
th e  amount o f  o x id e  o b s e rv e d .  H o w e ve r, at t h i s  p re s s u re
1 0 ^^  m o le c u le s  o f  o x y g e n  w u l d  s t r i k e  each cm .^  o f  s u r fa c e  
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p e r  second  I f  a f i l m  was d e p o s ite d  i n  t h i s  a tm o sp h e re
to  a th ic k n e s s  o f  lOOOA i n  60 seconds th e n  a p p ro x im a te ly
1 0 ^ ^  atom s o f th e  m e ta l  w o u ld  s t r i k e  a cm o f  s u r fa c e  p e r
s e c o n d . T h e r e fo r e ,  th e r e  w o u ld  be a p p ro x im a te ly  
1000 o xyg e n  m o le c u le s  p e r cm p e r  s e c . s t r i k i n g  th e  s u r fa c e
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f o r  e v e ry  m e ta l a tom . T h is  w o u ld  r e a d i l y  a l lo w  th e  
f o r m a t io n  o f  o x id e s  and th e  in te r m e d ia te  o x id e  la y e r s  
o b s e rv e d  b y  S ta h l  w o u ld  be e x c e s s iv e .  The m e ta ls  exa m in ed  
i n  th e  p re s e n t  i n v e s t i g a t i o n  w ere d e p o s ite d  a t a p re s s u re  
o f  a p p r o x im a te ly  1 0 "^  mm. Hg. and a t  f a s t e r  r a te s  o f  
e v a p o r a t io n .  A t t h i s  p r e s s u r e ,  th e  mean f r e e  p a th  w u l d  
be a p p ro x im a te ly  300 cm. and, s in c e  th e  s o u rc e  to  s u b s t r a te  
d is ta n c e  was 30 c m ., a g a in  t h e r e  w o u ld  be v e r y  fe w  
c o l l i s i o n s  w i t h  th e  r e s id u a l  gas m o le c u le s . H o w e ve r, 
th e s e  p r e c a u t io n s  o n ly  c u t  down th e  r a t i o  o f  oxyg e n  
m o le c u le s  t o  m e ta l a to m s, s t r i k i n g  th e  s u r fa c e  to  
a p p r o x im a te ly  10 to  1 .  T h e re fo r e ,  th e  im p in g in g  o xyg e n  
m o le c u le s  c o u ld  s t i l l  com b ine  w i t h  th e  c o n d e n s in g  m e ta l 
atom s to  a s s is t  i n  th e  f o r m a t io n  o f  th e  o x id e  b o nd  t o  th e  
g la s s  s u r fa c e  o r  th e s e  r e s id u a l  gas m o le c u le s  c o u ld  be 
t r a p p e d  i n  th e  f i l m  i t s e l f .  I n  t h i s  w ay , b y  c o m b in in g  with 
th e  r e s id u a l  oxyg en  m o le c u le s ,  m e ta ls  such as Mg, Z r  and Mo 
c o u ld  fo rm  a c o m p le te  o x id e  bond  ind th  th e  g la s s  s u r fa c e  and 
a c o n t in u o u s  in te r m e d ia te  o x id e  la y e r  c o u ld  be b u i l t  u p .
The h e a t  o f  f o r m a t io n  o f  th e s e  m e ta l o x id e s  p e r  gram  atom  
o f  o xyg e n  i s  a p p ro x im a te ly  100 K .c a l /m o le ,  w h ic h  i s  a b o u t 
50 t im e s  g r e a t e r  th a n  th e  van  d e r  W aa ls* f o r c e s  b in d in g  
g o ld  and s i l v e r  f i lm s  to  a g la s s  s u r fa c e ,  and t h i s  T O u ld  
a c c o u n t f o r  th e  la r g e  d i f f e r e n c e  i n  a d h e s io n .
91
U n l ik e  th e  m e ta ls  d e s c r ib e d  a b o ve , o th e r  m e ta ls  
su ch  as T i ,  C r ,  N i and Pe showed a m a rke d  v a r i a t i o n  i n  
a d h e s io n  m t h  t im e .  The a d h e s io n  in c r e a s e d  to  v a r y in g  
d e g re e s  and th e  t im e  ta k e n  a p p e a rs  to  in d ic a t e  t h a t  a 
d i f f u s i o n  p ro c e s s  was t a k in g  p la c e . I t  i s  d o u b t f u l  w h e th e r  
th e  in c r e a s e  c o u ld  be a t t r i b u t e d  t o  s u r fa c e  d i f f u s i o n  o f  
th e  f i l m  atom s o v e r th e  g la s s  s u r fa c e .  These m e ta ls  d o , 
h o w e v e r, have  v a r y in g  d e g re e s  o f  a f f i n i t y  f o r  o x y g e n  and 
i t  w o u ld  seem th a t  th e  d i f f u s i o n  p ro c e s s  i s  one w h ic h  
p ro m o te s  th e  f o r m a t io n  o f  a c o n t in u o u s  in te r m e d ia te  o x id e  
la y e r  b e tw e e n  th e  f i l m  and th e  g la s s  s u r fa c e .  T h is  c o u ld  
be a c h ie v e d  i f  th e  o x y g e n  m o le c u le s  o f  th e  r e s id u a l  g a s , 
t ra p p e d  i n  th e  f i l m  s t r u c t u r e  d u r in g  d e p o s i t io n ,  c o u ld  
d i f f u s e  t o  t h e  in t e r f a c e  t o  a s s is t  i n  th e  f o r m a t io n  o f  th e  
o x id e  la y e r .  S in c e  m o s t f i lm s  ha ve  e i t h e r  an a g g re g a te d  
o r  a c o n t in u o u s  c r y s t a l l i n e  s t r u c t u r e ,  th e  d i f f u s i o n  o f  
o x y g e n  m o le c u le s  w o u ld  be a f e a s ib le  s u p p o s i t io n .  The 
p e r m e a b i l i t y  o f  th e  f i l m  s t r u c t u r e  w o u ld  th e n  be a f a c t o r  
g o v e rn in g  th e  a d h e s io n  o f  a m e ta l f i l m .  The in c re a s e  i n  
a d h e s io n  a p p e a rs , t h e r e f o r e ,  t o  be due t o  th e  fo llo -w d n g  
m ech a n ism . I f  th e  m e ta l f i l m  was d e p o s ite d  so t h a t  th e r e  
was n o t  a c o n t in u o u s  in te r m e d ia te  o x id e  la y e r  th e n  th e  
a d h e s io n  w o u ld  be p o o r .  Howrever, t h e  a d h e s io n  w o u ld  in c r e a s e  
as o xyg e n  m o le c u le s  d i f f u s e d  th ro u g h  th e  f i l m  s t r u c t u r e  to
92
th e  in t e r f a c e  to  c o m p le te  th e  f o r m a t io n  o f  th e  in te r m e d ia te  
l a y e r .  The f i n a l  a d h e s io n  w o u ld  de pe nd  upon th e  s t r e n g t h  
o f  th e  o x id e  la y e r .  F u r t h e r  e v id e n c e  t h a t  a d i f f u s i o n  
p ro c e s s  o c c u r re d  ha s  be en  p r o v id e d  b y  a g e in g  th e  spe c im ens  
a t  an e le v a te d  te m p e ra tu re  o f  1 2 0 ^ 0 . H i 1 1 ^^  has shoTî /^n 
t h a t  th e  in c r e a s e  i n  a d h e s io n  f o r  m e ta l f i lm s  on g la s s  i s  
m ore r a p id  th a n  a t  room  te m p e ra tu re .
The r a t e  o f  e v a p o r a t io n  im u ld  a ls o  have  an e f f e c t  
on  th e  a d h e s io n .  È. s lo w  r a t e  o f  f i l m  fo r m a t io n  w o u ld  
a l lo w  maximum c o m b in a t io n  o f  th e  m e ta l atom s w i t h  th e  
r e s id u a l  o xyg e n  m o le c u le s  as w e l l  as a llo w d n g  th e  t r a p p in g  
o f  a la r g e  num ber o f  m o le c u le s  i n  th e  f i l m  s t r u c t u r e .  
T h e re fo r e ,  th e  i n i t i a l  and f i n a l  v a lu e s  o f  th e  a d h e s io n  
w o u ld  be h ig h e r  th a n  th o s e  f o r  a r a p i d l y  fo rm e d  f i l m  i n  
w h ic h  th e  c o m b in a t io n  w i t h  and th e  t r a p p in g  o f  gas m o le c u le s  
w o u ld  be s m a l le r .
T a b le  7 *3  shows th e  a d h e s io n  o f  t h e  m e ta ls ,  th e  
r a t e s  o f  e v a p o r a t io n ,  and th e  h e a ts  o f  f o r m a t io n  o f  th e  
o x id e  p e r  gram  atom  o f  o x y g e n ^ ^ . T hough, g e n e r a l ly ,  th e  
a d h e s io n  f o r  t h e  m e ta ls  a lr e a d y  m e n t io n e d  a p p e a rs  t o  be 
r e la t e d  t o  th e  h e a t  o f  f o r m a t io n  o f  th e  o x id e ,  th e r e  a re  
c e r t a in  a n o m a lie s .  H ow ever, th e  a d h e s io n  o f  th e  m e ta ls  
e xa m in e d  and th e s e  a p p a re n t a n o m a lie s  to  th e  p ro p o s e d  th e o r y
TABLE 7.3
The a d h e s io n  o f  m e ta l f i lm s  to  g la s s  and 
th e  h e a t o f  f o r m a t io n  o f  t h e i r  o x id e s
M e ta l Adhe s i on  @n • I n i t .  P in a l
R a te s  o f  
E v a p o r a t i  on 
A /s  e c •
H e a t o f  F o rm a t io n  
o f  O x id e  
K . c a l . / g r a m  atom 
o f  oxyg en
Mo 5 >500 1 .5 6 5 .7
C r 100 >500 1 - 6 1 7 5 .6
T i 5 >500 10 1 0 8 .7
Z r 200 >500 2 8 9 .4
Pe 100 >500 8 - 1 0 1 2 7 .0
N i 10 200 4 - 2 2 5 7 .8
Mn 10 400 6 -  40 1 5 3 .0
Cu 5 —30 30 5 - 2 0 3 4 .9
Au 2 2 1 - 1 4 —
Ag 6 8 8 - 9 0 7 . 0
At 7 60 2 - 7 0 2 6 6 .0
Mg >500 9 - 1 3 1 4 5 .8
Zn 3 8 7 - 1 4 8 4 .4
Pb 1 i 5 — 40 5 2 .5
Cd 5 15 12 -  23 6 5 .2
Sn 2 i 3 - 1 2 6 9 .0
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can  b e s t  be e x p la in e d  b y  d i v id in g  th e  m e ta ls  i n t o  f o u r  
b ro a d  g ro u p s  as. f o l l o w s :
G roup 1 .
G roup 1 c o n ta in s  th e  m e ta ls  Hu, Ag and Cu. I t  
has a lr e a d y  be en  m e n tio n e d  t h a t  Au and Ag do n o t  r e a d i l y  
fo rm  th e  o x id e  end th a t  t h e i r  a d h e s io n  to  g la s s ,  v t i ic h  was 
p o o r ,  was p r o b a b ly  due to  v a n  d e r  ''’^ ^aals* f o r c e s ,  th o u g h ,  i n  
th e  ca se  o f  Ag, th e  s l i g h t  in c r e a s e  o f  a d h e s io n  c o u ld  be due 
to  th e  fo r m a t io n  o f  a weak o x id e  bo nd . On th e  o th e r  h a n d , 
Cu fo rm s  a f a i r l y  s t r o n g  o x id e  b o n d , and, c o n s e q u e n t ly ,  has 
a much h ig h e r  a d h e s io n  th a n  e i t h e r  Au o r  A g . A l l  th e s e  
m e ta ls  have a s im i l a r  a g g re g a te d  s t r u c t u r e ^ ^  w h ic h  w o u ld  
a l lo w  d i f f u s i o n  o f  oxygen  m o le c u le s  t o  th e  i n t e r f a c e .  T h is  
w o u ld  a c c o u n t f o r  th e  r a p id  in c r e a s e  i n  a d h e s io n  o b s e rv e d  
w i t h  some Cu s p e c im e n s . The r e s u l t s  w i t h  Cu a ls o  b e a r  o u t  
th e  s u g g e s t io n s  made m t h  re g a rd  to  th e  r a t e  o f  d e p o s i t io n .
t h  a f a s t  r a t e  (2 3  A / s e c . ) ,  th e  i n i t i a l  a d h e s io n  was p o o r  
b u t  was fo l lo w e d  b y  a r a p id  r i s e  i n  a d h e s io n . ’^'^here th e  
r a t e  was s lo w , th e  i n i t i a l  a d h e s io n  was h ig h ,  t h e r e  b e in g  
no in c r e a s e  i n  th e  a d h e s io n  w i t h  t im e .
G roup 2 .
I n  G roup 2 a re  th e  m e ta ls  Mo, C r, T i ,  Z r ,  P e , N i
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and M g. A l l  th e s e  m e ta ls  fo rm  a s t r o n g  o x id e  and , w i t h  
th e  e x c e p t io n  o f  N i ,  c a n n o t be rem oved fro m  a g la s s  s u r fa c e  
a f t e r  v a r y in g  p e r io d s  o f  t im e . The h ig h  i n i t i a l  a d h e s io n s  
o b s e rv e d  i n  m ost cases  w e re  p r o b a b ly  due t o  th e  s lo w  r a te s  
o f  e v a p o r a t io n .  % t h  th e  e x c e p t io n  o f  M g, f i lm s  o f  th e s e  
h ig h  m e l t in g  p o in t  m e ta ls  have a c o n t in u o u s  c r y s t a l l i n e  
s t r u c t u r e ^  and th e  in c re a s e  i n  a d h e s io n  w o u ld  p ro b a b ly  be 
due t o  d i f f u s i o n  o f  oxygen m o le c u le s  to  th e  in t e r f a c e  
a lo n g  g r a in  b o u n d a r ie s  r a t h e r  th a n  th r o u g h  th e  l a t t i c e .
The lo w e r  v a lu e  o f  th e  h e a t o f  f o r m a t io n  o f  th e  o x id e  f o r  
N i ^^'ould a c c o u n t f o r  th e  s l i g h t l y  lo w e r  a d h e s io n  o b s e rv e d  
f o r  f i lm s  o f  t h i s  m e t a l .
G roup  5 .
The lo w  m e l t in g  p o in t  m e ta ls ,  Zn , Sn, Cd and Pb,
a re  i n  t h i s  g ro u p .  The h e a t  o f  f o r m a t io n  o f  th e  o x id e  i s
r e a s o n a b ly  h ig h  b u t  th e  a d h e s io n  o f  th e s e  m e ta ls  t o  g la s s
was fo u n d  t o  be p o o r .  The re a s o n  w o u ld  a p p e a r t o  be due
to  th e  f i l m  s t r u c t u r e .  As shown b y  L e v in s te in ^ ,  f i lm s
fo rm e d  fro m  lo w  m e l t in g  p o in t  m e ta ls  have  h ig h ly  a g g re g a te d
s t r u c t u r e s  o f  la r g e  c r y s t a l s .  I t  has a ls o  been  shown b y
57S e n n e t t ,  M c L a u c h lin  and S c o t t  t h a t ,  when cadm ium  and z in c  
w e re  e v a p o ra te d ,  i n i t i a l  p a r t i c l e s  as la r g e  as 200A a p p e a re d  
o n  th e  s u b s t r a te  s u r fa c e  in s ta n ta n e o u s ly ,  somei-diat l i k e  a 
r a p id  c r y s t a l l i s a t i o n .  The w ay i n  w h ic h  th e s e  p a r t i c l e s
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g re w  and th e  v e r y  fe w  n u c le a t in g  c e n t r e s  fo rm e d  in d ic a t e d  
t h a t  th e  atom s e i t h e r  r e - e v a p o r a te d  o r  m ig r a te d  o v e r  th e  
s u r fa c e  t o  be l i n k e d  w i t h  at oms a lr e a d y  c o n d e n s e d . I n  
th e  case o f  S n , i t  was shmrn.^  ^ t h a t  s u r fa c e  t e n s io n  fo r c e s  
a f f e c te d  th e  s t r u c t u r e ,  th e  la r g e  a g g re g a te s  b e in g  p u l le d  
to g e th e r  r a t h e r  th a n  m e rg in g  so  t h a t  an a re a  o f  s u r fa c e  
p r e v io u s ly  c o v e re d  was l e f t  b a r e . I t  i s  a p p a re n t f ro m  
th e s e  in v e s t ig a t io n s  t h a t  th e s e  m e ta ls  have  a c o h e s io n  
w h ic h  i s  much g r e a te r  th a n  t h e i r  a d h e s io n  to  th e  g la s s  
s u r fa c e .  The te n d e n c y  i s  t o  fo r m  la r g e  s e p a ra te  c r y s t a ls  
o f  r e g u la r  shape w i t h  o n ly  a s m a l l num ber o f  th e s e  c r y s t a l s  
h a v in g  any a d h e s io n  to  th e  g la s s  s u r fa c e .  The a d h e s io n  o f  
th e s e  f i lm s  wrould t h e r e f o r e  be p o o r .
G roup 4 .
G roup 4 c o n s is t s  o f  th e  tw o  m e ta ls ,  Mn and â i .
The a d h e s io n  r e s u l t s  f o r  th e s e  tw o  m e ta ls  w ere  r a t h e r  
s u r p r is in g  s in c e  t h e i r  h e a ts  o f  f o r m a t io n  o f  th e  o x id e  a re  
v e r y  h ig h  and t h e r e f o r e  a much h ig h e r  a d h e s io n  to  g la s s  
T O u ld  ha ve  been  e x p e c te d .  The v a r i a t i o n  o f  th e  a d h e s io n  
w i t h  t im e  was s im i l a r  f o r  th e  tw o m e ta ls ,  th e  a d h e s io n  
b e in g  p o o r f o r  th e  f i r s t  150 h o u rs  b u t  in c r e a s in g  r a p id l y  
a t  t h i s  s ta g e  t o  a f i n a l  v a lu e  w h ic h  was lo w e r  th a n  
a n t ic ip a t e d .  An e x p la n a t io n  o f  th e s e  r e s u l t s  to  f i t  i n  
m t h  th e  id e a s  so f a r  s u g g e s te d  i s  r a t h e r  d i f f i c u l t  s in c e
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no d e f i n i t e  c o n c lu s io n s  c a n  be dra?m  fro m  th e  r e s u l t s  as 
th e y  s ta n d .  H o w e ve r, i t  w i l l  be se e n  i n  th e  fo llo ^ n d n g  
c h a p te rs  t h a t  f u r t h e r  e v id e n c e  was s o u g h t b y  e x a m in a t io n  
o f  th e  e f f e c t  o f  th e  r e s id u a l  gas on  th e  a d h e s io n  and b y  
o b s e rv in g  th e  s t r u c t u r e  o f  th e s e  m e ta l f i lm s  b y  e le c t r o n  
m ic ro s c o p y  and t h e i r  e l e c t r i c a l  p r o p e r t i e s .
4 . C o n c lu s io n s
By c o m p a r in g  th e  a d h e s io n  r e s u l t s  o f  f i l m s  o f  a 
la r g e  num ber o f  m e ta ls  d e p o s ite d  on  a g la s s  s u r fa c e  iw lth  
th e  p h y s ic a l  and s t r u c t u r a l  p r o p e r t ie s  o f  th e  f i lm s  and 
th e  s u r fa c e ,  i t  has  been p o s s ib le  t o  p o s t u la t e  a t e n t a t i v e  
th e o r y  f o r  th e  m echan ism  b y  w h ic h  m o s t o f  th e  m e ta l f i lm s  
adhe re  to  g la s s .  I t  a p p e a rs  t h a t  th e  a d h e s io n  depends 
u p on  tw o  m a in  f a c t o r s ,  th e  a f f i n i t y  o f  th e  m e ta l f o r  o xyg e n  
and t h e  f i l m  s t r u c t u r e .  The m e ta l atoms im p in g in g  o n  th e  
g la s s  s u r fa c e  may e i t h e r  be h e ld  to  th e  s u r fa c e  b y  van  d e r  
W aal s ' f o r c e s  o r  r e a c t  w i t h  th e  l i m i t e d  o xyg e n  a v a i la b le  
i n  th e  OH g ro u p s  on th e  s u r fa c e .  I t  i s  s u g g e s te d  t h a t  th e  
r o l e  o f  th e  r e s id u a l  gas i s  t o  s u p p ly  oxygen  so  t h a t  a 
c o m p le te  o x id e  bond  may be fo rm e d  w i t h  th e  g la s s  s u r fa c e  
f o l lo w e d  b y  th e  f o r m a t io n  o f  a c o n t in u o u s  in te r m e d ia te  
o x id e  la y e r  a t  th e  i n t e r f a c e .  H ow ever, t h i s  la y e r  may 
n o t  be fo rm e d  im m e d ia te ly  and , i n  t h i s  c a s e , f u l l  f o r m a t io n
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w o u ld  p r o b a b ly  be d e p e n d e n t u p on  d i f f u s i o n  o f  t r a p p e d  o xyg e n  
m o le c u le s  th r o u g h  th e  f i l m  s t r u c t u r e . The r a t e  o f  f o r m a t io n  
o f  th e  o x id e  la y e r  and th e  c o r re s p o n d in g  in c r e a s e  i n  a d h e s io n  
w o u ld  depend  o n  th e  p e r m e a b i l i t y  o f  th e  f i l m  s t r u c t u r e .
O th e r  f a c t o r s  w h ic h  T O u ld  a f f e c t  th e  a d h e s io n  w o u ld  be th e  
amount o f  oxygen p re s e n t  i n  th e  r e s id u a l  g a s , th e  r a t e  o f  
f i l m  fo r m a t io n  and th e  s t r e n g t h  o f  th e  o x id e  l a y e r .
F u r th e r  i n v e s t ig a t io n s  w ere  c a r r ie d  o u t  to  o b t a in  
m ore c o n c lu s iv e  e v id e n c e  f o r  th e  s u g g e s te d  t h e o r y  and a re  
d e s c r ib e d  i n  th e  f o l lo v d n g  c h a p te r s .
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F i g u r e  7 . 1 .  V a r i a t i o n  o f  a d h e s io n  (A )  w i t h  t im e  f o r  GOLD
f i l m s  o n  g l a s s .
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F i g u r e  7 , 2 ,  V a r i a t i o n  o f  a d h e s io n  (A )  w i t h  t im e  f o r  3 IL V S K
f i l m s  o n  g l a s s .
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Figure 7*3. Variation of adhesion (A) with time for LEAD
films on glass.
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Figure 7,4, Variation of adhesion (A) with tine for ALUMINIUM
films on glass.
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Figure 7.5. Variation of adhesion (A) with time for SING
films on glass.
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Figure 7.6, Variation of adhesion (A) with time for CADMIUM
films on glass.
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Figure 7.7. Variation of adhesion (a ) with time for TIN
films on glass*
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Figure 7,9, Variation of adhesion (a ) with time for
films on glass.
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Figure 7.10, Variation of adhesion (A) with time for NICKEL
films on glass.
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Figure 7,11* Variation of adhesion (A) with time for IRON
films on glass.
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Figure 7.12, Variation of adhesion (A) with time for CHROMIUM
films on glass.
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F i g u r e  7 . 1 3 .  V a r i a t i o n  o f  a d h e s io n  (A )  w i t h  t im e  f o r
MOLYBDENUM o n  g l a s s .
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F i g u r e  7 . 1 4 ,  V a r i a t i o n  o f  a d h e s io n  (A )  w i t h  t im e  f o r
T IT A N IU M  f i l m s  o n  g l a s s .
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CHAPTER 8
ADHESION OF METAL FIUIS DEPOSITED 
IN  VARIOUS ATMOSPHERES
1 .  I n t r o d u c t l  on
I n  th e  p r e v io u s  c h a p t e r ,  a t h e o r y  was p ro p o s e d  
t o  e x p l a i n  th e  h ig h  a d h e s io n s  and th e  a g e in g  e f f e c t s  
o b s e rv e d  w i t h  f i l m s  o f  a num ber o f  m e ta ls  d e p o s i t e d  on 
g la s s *  I t  was s u g g e s te d  t h a t  o x y g e n  f r o m  th e  r e s i d u a l  
a tm o sp h e re  a s s i s t e d  th e  f o m a t i o n  o f  an o x id e  bond to  th e #  
g la s s  s u r fa c e  and t h a t  a c o n t in u o u s  i n t e r m e d ia t e  o x id e  
l a y e r  was b u i l t  u p  a t  t h e  i n t e r f a c e *  The a d h e s io n  o f  th e  
f i l m  ^TOuld be d e p e n d e n t ,  among o th e r  t h i n g s ,  u p o n  t h e  
d e v e lo p m e n t  o f  t h i s  l a y e r  and th e  s t r e n g t h  o f  t h e  o x id e  
b o n d .  The p ro p o s e d  t h e o r y  i m p l i e d  t h a t  th e  a d h e s io n  o f  
a f i l m  o f  an o xyg en  a c t i v e  m e ta l  im u ld  be d e p e n d e n t u p o n  
th e  amount o f  oxygen  p r e s e n t  i n  th e  r e s i d u a l  g a s .
T h e r e f o r e ,  a num ber o f  m e ta l  f i l m s  were  d e p o s i t e d  
on g la s s  i n  a tm o s p h e re s  o f  a i r ,  a rg o n  and h y d ro g e n ,  and 
t h e i r  a d h e s io n  was m e a su re d  i n  th e  u s u a l  m a n n e r .  These 
f i l m s  were p re p a re d  e i t h e r  b y  c a t h o d ie  s p u t t e r i n g  o r  b y  
e v a p o r a t io n  as f o l l o w s .
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2 .  Expe r im e n t  a l
( a) S p u t te r e d  F i lm s
F i lm s  o f  Au, Ag, P t  and C r w ere  s p u t t e r e d  b o th  
i n  a i r  and i n  a rg o n .  "% en a rg o n  was u s e d  th e  cham ber was 
f l u s h e d  o u t  s e v e r a l  t im e s  w i t h  th e  gas so t h a t  t h e r e  was a 
m in im um  o f  o xyg e n  p r e s e n t  i n  th e  r e s i d u a l  a tm o s p h e re .  
D e p e n d in g  u p o n  th e  m e t a l ,  t h e  f i l m s  w e re  s p u t t e r e d  a t  
a p p r o x im a te ly  1 -  2 KV and 5 - 2 0  mA f o r  1 5 -6 0  m in u te s  a t  
p r e s s u r e s  o f  0 . 0 5 - 0 . 1  mm. H g. "^Then lo n g  s p u t t e r i n g  t im e s  
w ere  u s e d ,  th e  d e p o s i t i o n  was i n t e r r u p t e d  t o  p r e v e n t  
o v e r h e a t in g  th e  s u b s t r a t e .  H ow ever, i n  a num ber o f  case s  
th e  te m p e ra tu re  o f  th e  s u b s t r a t e  d i d  r i s e  t o  t h e  o r d e r  o f  
75 °G .
( b )  E v a p o ra te d  F i lm s
T h e re  a re  c e r t a i n  d is a d v a n ta g e s  v r i t h  th e  s p u t t e r i n g  
p r o c e s s ;  f o r  i n s t a n c e ,  th e  e f f e c t  o f  th e  c o n t in u o u s  g lo w  
d is c h a r g e  i s  n o t  knovm , t h e  s u b s t r a t e  te m p e r a tu r e  i s  i n c l i n e d  
t o  r i s e ,  and th e  number o f  m e ta ls  w h ic h  s p u t t e r  e a s i l y  i s  
l i m i t e d .  T h e r e f o r e , t h e  m e ta ls  kl and Fe w ere  e v a p o ra te d
a t  h ig h  p r e s s u r e s  o f  th e  o r d e r  o f  1 0 " ^  mm. Hg. i n  a tm o sp h e re s  
o f  a i r  and h y d ro g e n .  T h e re  w ere  tw o  re a s o n s  f o r  u s in g  t h i s  
r e l a t i v e l y  h ig h  p r e s s u r e .  F i r s t l y ,  u s in g  a i r  as th e  
r e s i d u a l  g a s ,  th e  c o n c e n t r a t i o n  o f  o x y g e n  i n  th e  cham ber
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w o u ld  be h i g h  and th e  a d h e s io n  o f  o xyg e n  a c t i v e  m e ta ls  
s h o u ld  be a f f e c t e d .  S e c o n d ly ,  v h e n  h y d ro g e n  was u s e d ,  t h e  
h i g h  p r e s s u r e  e n s u re d  t h a t  any  o xyg en  l e a k i n g  i n t o  th e  
cham ber was k e p t  t o  a v e r y  s m a l l  p e rc e n ta g e  o f  th e  r e s i d u a l  
a tm o s p h e re .  A ls o ,  when h y d ro g e n  was u s e d ,  th e  cham ber was 
f l u s h e d  o u t  w i t h  t h i s  gas b e fo r e  and a f t e r  o u tg a s s in g  th e  
s o u rc e  m a t e r i a l .
3 .  R e s u l t s
( a) S p u t te r e d  F i lm s
F ig u r e s  8 .1  and 8 . 2  show th e  v a r i a t i o n  o f  a d h e s io n  
w i t h  t im e  f o r  f i l m s  o f  P t ,  Au, 4g and Or s p u t t e r e d  on t o  
g la s s  i n  a i r  and i n  a rg o n .  The a d h e s io n  o f  th e s e  f i l m s  
d e f i n i t e l y  ap p e a rs  t o  have  been i n f l u e n c e d  b y  th e  n a tu r e  o f  
th e  r e s i d u a l  g a s .  I t  can be seen  t h a t ,  i n  a l l  c a s e s ,  
t h e  a d h e s io n  f o r  f i l m s  s p u t t e r e d  i n  a i r  was h ig h e r  th a n  th e  
a d h e s io n  f o r  f i l m s  s p u t t e r e d  i n  a rg o n .  O n ly  f i l m s  o f  Au 
end Ag showed any a g e in g  e f f e c t s  and even  th e n  t h e  change 
was o n l y  s m a l l .  The n a t u r e  o f  th e  r e s i d u a l  gas had th e  
b i g g e s t  e f f e c t  o n  c h ro m iu m . Cr f i l m s ,  s p u t t e r e d  i n  a i r ,  
c o u ld  n o t  be rem oved  f r o m  th e  g la s s  s u r f a c e ,  w h e re a s ,  when 
t h i s  m e ta l  was s p u t t e r e d  i n  a rg o n ,  th e  f i l m s  h a d  a v e r y  
p o o r  a d h e s io n .
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Figure 8,1* Variation of adhesion (A) with time for metal
films sputtered on glass In various atmospheres.
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Figure 8.2, Variation of adhesion (A) with time for metal
films sputtered on glass in various atmospheres.
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( b )  E v a p o ra te d  F i lm s
The r e s u l t s  f o r  A t  and Ee f i l m s  d e p o s i t e d  b y  
e v a p o r a t io n  i n  a tm o sp h e re s  o f  a i r  and h y d ro g e n  a re  shown 
i n  F ig u r e s  8 . 3  and 8 . 4 .  Once a g a in  th e  e f f e c t  o f  t h e  
r e s i d u a l  gas can  c l e a r l y  be s e e n .  ’^' l ie n  d e p o s i t e d  i n  an 
e x c e s s iv e  a tm o sp h e re  o f  o x y g e n .  A t  was fo u n d  t o  be 
n o n - re m o v a b le .  H ow ever, when A t  was d e p o s i t e d  i n  an 
o x y g e n  f r e e  a tm o s p h e re ,  th e  f i l m s  w ere  r e a d i l y  rem oved 
and showed l i t t l e  o r  no in c r e a s e  i n  a d h e s io n  w i t h  t im e .
The r e s u l t s  f o r  Fe w ere  s i m i l a r .  F i lm s  d e p o s i t e d  i n  a i r  
h a d  a v e r y  h i g h  i n i t i a l  a d h e s io n  and soo n  became n o n - re m o v a b le ,  
T 'h.ereas, th o s e  d e p o s i t e d  i n  h y d ro g e n  had a much lo w e r  i n i t i a l  
a d h e s io n  w h ic h  d i d  n o t  in c r e a s e  g r e a t l y  w i t h  t im e .
By s u p e r im p o s in g  on F ig u r e s  8 . 3  and 8 . 4  t y p i c a l
a d h e s io n  r e s u l t s  f o r  f i l m s  o f  th e s e  m e ta ls  d e p o s i t e d  a t  
— 51 0 "  mm. H g . ,  t h e  e f f e c t  o f  i n c r e a s in g  th e  amount o f  oxygen  
p r e s e n t  d u r i n g  d e p o s i t i o n  on  t h e  a d h e s io n  o f  th e s e  f i l m s  
can  be s e e n .  The amount o f  o x y g e n  w o u ld  be n e g l i g i b l e  i n
 ^ 3
an a tm o sp h e re  o f  h y d ro g e n  a t  1 0 “  mm. H g . ,  w h e re a s ,  i n  an 
a tm o sp h e re  o f  a i r  a t  p re s s u r e s  o f  1 0 " ^  and 1 0 " ^  mm. H g . ,  
th e  r a t i o s  o f  t h e  num ber o f  oxygen  m o le c u le s  t o  th e  num ber 
o f  m e t a l  atoms s t r i k i n g  a cm .^  o f  s u r f a c e  p e r  second  w o u ld  
be a p p r o x im a te ly  1 0 :1  and 10 .1  r e s p e c t i v e l y .  The
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F i g u r e  8 , 4 ,  V a r i a t i o n  o f  a d h e s io n  (A )  w i t h  t im e  f o r  IR O N  
f i l m s  o n  g la s s  d e p o s i t e d  I n  v a r i o u s  a tm o s p h e r e s  a n d  a t  ,
v a r i o u s  p r e s s u r e s .
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c o r r e s p o n d in g  in c r e a s e s  i n  th e  a d h e s io n  o f  f i l m s  d e p o s i t e d  
i n  th e s e  a tm o s p h e re s  can c l e a r l y  be s e e n .
4 .  C o n c lu s io n s
T h is  i n v e s t i g a t i o n  has  sho^ jm t h a t  th e  a d h e s io n  
o f  m e t a l  f i l m s  t o  g la s s  was d e p e n d e n t u p o n  th e  n a tu r e  and 
p r e s s u r e  o f  t h e  r e s i d u a l  gas i n  w h ic h  t h e y  were d e p o s i t e d .  
The e f f e c t  o n  t h e  a d h e s io n  o f  th e  amount o f  oxyg e n  p re s e n t  
i n  th e  cham ber d u r i n g  d e p o s i t i o n  was c l e a r l y  shoTWi by  th e  
r e s u l t s  o f  th e  a d h e s io n  m ea su re m en ts  on kl end F e . I t  
w o u ld  appear t h a t  t h e  t e n t a t i v e  t h e o r y ,  p r o p o s in g  t h a t  th e  
a d h e s io n  o f  a m e ta l  f i l m  t o  g la s s  w o u ld  be enhanced b y  th e  
f o r m a t io n  o f  an i n t e r m e d ia t e  o x id e  l a y e r  a t  th e  g la s s  
s u r fa c e  and t h a t  th e  f o r m a t i o n  o f  t h i s  l a y e r  w o u ld  be 
a s s i s t e d  b y  oxyg e n  f r o m  th e  r e s i d u a l  a tm o s p h e re ,  has been 
v e r i f i e d .
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CHAPTER 9
STRUCTURE OP THIN METALLIC FILMS
1 .  I n t  ro d u o  t i o n
I t  has  been  s h w n  t h a t  th e  a d h e s io n  o f  a m e ta l  
f i l m  t o  g la s s  ap p e a rs  t o  be d e p e n d e n t  u p o n  th e  a f f i n i t y  o f  
th e  m e ta l  f o r  oxygen  and th e  f o m a t i o n  o f  an i n t e r m e d ia t e  
o x id e  l a y e r  a t  th e  m e t a l - g l a s s  i n t e r f a c e .  I t  i s  p o s s ib l e ,  
h o w e v e r ,  t h a t  th e  s t r u c t u r e  o f  th e  f i l m  w o u ld  a ls o  be a 
f a c t o r  g o v e r n in g  th e  a d h e s io n ,  e x p la i n i n g  t h e  in c r e a s e  i n  
a d h e s io n  v d t h  t im e  o b s e rv e d  w i t h  f i l m s  o f  a num ber o f  m e ta ls  
and t h e  p o o r  a d h e s io n  o b s e rv e d  w i t h  th e  lo w  m e l t i n g  p o i n t  
m e t a ls .  Though a v a s t  amount o f  w o rk  has b e e n  c a r r i e d  o u t  
on th e  s t r u c t u r e  o f  t h i n  m e t a l l i c  f i l m s ,  i t  was f e l t  t h a t ,  
s in c e  th e  f i l m  s t r u c t u r e  p la y e d  su ch  an im p o r t a n t  r o l e  i n  
e x p l a i n i n g  t h e  a d h e s io n ,  th e  s t r u c t u r e  o f  t h e  f i l m s  p re p a re d  
u n d e r  th e  c o n d i t i o n s  u s e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  s h o u ld  
be e x a m in e d .
The b e s t  m e th o d  f o r  t h i s  e x a m in a t io n  i s  t h e  d i r e c t  
o b s e r v a t i o n  o f  th e  f i l m  s t r u c t u r e  i n  an e l e c t r o n  m ic ro s c o p e  
i n  c o n j u n c t i o n  w i t h  e l e c t r o n  d i f f r a c t i o n .  W h i le  th e  
m ic ro s c o p e  shows t h e  a c t u a l  shape o f  th e  p a r t i c l e s  m a k in g  up
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th e  f i l m ,  e l e c t r o n  d i f f r a c t i o n  e n a b le s  s t r u c t u r e  o f  th e s e  
p a r t i c l e s  t o  be exa m in e d * F o r  e x a m p le ,  i f  t h e  p a t t e r n  
c o n s i s t s  o f  v e r y  d i f f u s e  r i n g s  th e n  t h e  f i l m  may be i n  
e i t h e r  an am orphous o r  a m i c r o c r y s t a l l i n e  s t a t e .  On th e  
o t h e r  hand , i f  t h e  p a t t e r n  c o n s i s t s  o f  v e r y  s h a rp  r i n g s  
t h e n  t h e  f i l m  has l a r g e  c r y s t a l l i n e  a re a s .  The c o n t i n u i t y  
o f  t h e  r i n g s  i n d i c a t e s  t o  some e x t e n t  th e  o r i e n t a t i o n  o f  
t h e  c r y s t a l l i t e s ,  w h i l e  t h e  d ia m e te r  and w id t h  o f  th e  
r i n g s  g i v e  an e s t im a te  o f  t h e  s t r u c t u r e  and s i z e  o f  t h e  
c r y s t a l l i t  e s •
. Specim en f i l m s  o f  a num ber o f  m e ta ls  w e re  p re p a re d  
u n d e r  th e  u s u a l  c o n d i t i o n s  e m p lo yed  i n  th e  p r e s e n t  i n v e s t i ­
g a t i o n  and t h e i r  s t r u c t u r e s  e xa m in ed  i n  an e l e c t r o n  
m ic r o s c o p e .  S in c e  e v e ry  d e t a i l  i n  t h e  s t r u c t u r e  o f  th e s e  
f i l m s ,  such  as g r a i n  b o u n d a r ie s  and a g g r e g a t io n ,  had t o  be 
e xa m in ed  th e  r e s o l u t i o n  o f  th e  m ic r o  scope was i m p o r t a n t .  
T h e r e f o r e ,  t h e s e  f i l m s  were e xa m in ed  i n  a S iem ens E lm is k o p  
m ic ro s c o p e  w h ic h  ga ve  a r e s o l u t i o n  o f  a p p r o x im a te ly  12A.
The use  o f  t h i s  m ic ro s c o p e  was b y  th e  k i n d  p e r m is s io n  o f  
th e  P h y s ic a l  C h e m is t r y  D e p a r tm e n t  o f  th e  U n i v e r s i t y  o f  
G lasg ow , and t h e r e f o r e  o n l y  a l i m i t e d  number o f  spec im ens 
c o u ld  be exa m in e d . The d i f f r a c t i o n  p a t t e r n s  o f  th e  
spe c im e ns  wrere o b s e rv e d  i n  a M e t r o p o l i t a n - V i c k e r s  E .M .3 .  
e l e c t r o n  m ic ro s c o p e  i n  t h i s  d e p a r tm e n t  s in c e  a h ig h
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r e s o l u t i o n  wras n o t  r e q u i r e d  f o r  t h i s  t y p e  o f  i n v e s t i g a t i o n .
2 ♦ P r e p a r a t i o n  o f  Spec im ens
The f i l m  s t r u c t u r e  was exa m in ed  i n  t h e  m ic ro s c o p e  
b y  t r a n s m is s io n  and t h e r e f o r e  th e  f i l m s  t o  be exam ined  
c o u ld  n o t  be d e p o s i t e d  on  t o  a g la s s  s u b s t r a t e  b u t  ha d  t o
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be d e p o s i t e d  o n  t o  an o r g a n ic  m a t e r i a l  w h ic h  was r e l a t i v e l y  
t r a n s p a r e n t  t o  th e  e l e c t r o n  beam. S e n n e t t  and S c o t t ^ ^  
have  shown t h a t  f o r m v a r  i s  th e  b e s t  o r g a n ic  m a t e r i a l  f o r  
t h i s  t y p e  o f  i n v e s t i g a t i o n  s in c e  th e  s t r u c t u r e  o f  m e ta l  
f i l m s  wras fo u n d  t o  be th e  same on t h i s  m a t e r i a l  as on  g l a s s .  
C o n s e q u e n t ly ,  f o r m v a r  was u s e d  i n  t h i s  i n v e s t i g a t i o n  as t h e  
s u b s t r a t e .
These fo r m v a r  s u b s t r a t e s  had t o  be t h i n  and o f  
u n i f o r m  t h ic k n e s s  so t h a t  maximum i l l u m i n a t i o n  and even  
c o n t r a s t  wras o b ta in e d  on  th e  v ie w in g  s c re e n .  T h e r e f o r e ,  
th e  f o r m v a r  f i l m s  were p re p a re d  i n  th e  f o l l o w i n g  m a n n e r .
A s o l u t i o n  wras made up o f  0 . 4 ^  f o r m v a r  i n  d io x a n .
A s m a l l  q u a n t i t y  o f  t h i s  s o l u t i o n  w'ras s p re a d  e v e n ly  on a 
c le a n  m ic r o  scope s l i d e  and a l lo w red  t o  d r y .  The fo r m v a r  
f i l m  wras t h e n  c u t  i n t o  s e c t io n s  and th e s e  s e c t i o n s  w ere  
f l o a t e d  o f f  on  t o  th e  s u r fa c e  o f  d i s t i l l e d  w a t e r .  A c o p p e r  
g r i d  o f  f i n e  mesh (2 0 0  m e s h / in c h )  was p la c e d  on a f i n e  gauze 
and b r o u g h t  up  u n d e r  a s e le c t e d  f o r m v a r  s e c t i o n  so t h a t ,  as
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t h e  gauze was rem oved f r o m  th e  w a te r ,  th e  f o r m v a r  f i l m  
c o v e re d  th e  g r i d .  The e xce ss  w a te r  was rem oved  and th e  
f o r m v a r  was c u t  awray ro u n d  t h e  g r i d  w h ic h  was re m o ve d  and 
p la c e d  i n  a c o p p e r  c a p .  T h is  m e th o d  gave f o im v a r  f i l m s  
o f  a u n i f o r m  t h i c k n e s s  o f  a p p r o x im a te ly  1 0 0 -1 5 0 A .  These 
f i l m s  wrere d r i e d  and s t o r e d  i n  a d e s s i c a t o r  u n t i l  r e q u i r e d  
th o u g h  t h e y  were n e v e r  k e p t  u n u se d  f o r  l o n g e r  th a n  a fe w  
d a y s .
■''".^ hen r e q u i r e d ,  th e  g r i d  was p o s i t i o n e d  n e x t  t o  a 
g la s s  b la n k  i n  th e  e v a p o r a t io n  cham ber a t  t h e  u s u a l  h e i g h t  
above t h e  s o u r c e .  The chamber wras c le a n e d  o u t  w i t h  a g lo w  
d is c h a r g e  t o  ^^h ich  th e  f o r m v a r  f i l m  wras a l s o  e x p o s e d .  A 
m e t a l  f i l m  wras th e n  d e p o s i t e d  on th e  fo r m v a r  and th e  g la s s  
b la n k  u n d e r  th e  u s u a l  c o n d i t i o n s .  The g r i d  wras rem oved  
and s t o r e d  i n  a d e s s i c a t o r  u n t i l  i t  c o u ld  be e x a m in e d  i n  
t h e  e l e c t r o n  m ic ro s c o p e  i r h i l e  th e  m e ta l  f i l m  on t h e  g la s s  
b la n k  wras u s e d  f o r  d e t e r m in in g  th e  f i l m  t h i c k n e s s .
3 .  R e s u l t s
I n  C h a p te r  7 i t  wras fo u n d  t h a t  th e  a d h e s io n  o f  
m e t a l  f i l m s  t o  g la s s  c o u ld  b e s t  be e x p la in e d  b y  d i v i d i n g  
th e  m e ta ls  i n t o  f o u r  b ro a d  g r o u p s .  The f i l m  s t r u c t u r e  
o f  s e v e r a l  m e ta ls  f r o m  each g ro u p  ha s  been  e x a m in e d  w r i th  
th e  f  o i lo w r ln g  r e s u l t  s .
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G roup 1
The f i l m  s t r u c t u r e  o f  a l l  t h e  m e ta ls  i n  t h i s  . 
g ro u p  o f  Au, Ag and Cu, wrere e x a m in e d . I t  c an be seen 
f r o m  P la t e s  9 . 1  - 9 . 3  t h a t  t h e  f i l m  s t r u c t u r e  o f  a l l  t h e s e  
m e ta ls  a p p e a rs  t o  be made up o f  a c o l l e c t i o n  o f  s e p a ra te  
c r y s t a l l i t e s  o f  random  shape and s i z e .  These c r y s t a l l i t e s  
can  e a s i l y  be d e t e c t e d  i n  t h e  case o f  th e  Ag f i l m  i n  
P la t e  9 . 2 .  Though t h e  t h i c k n e s s  o f  th e  f i l m ,  m ea su re d  
b y  m u l t i  p l e - b e  am i n t  e r f  e r  omet r y ,  i s  g iv e n  as 200A , i t  can  
be se e n  t h a t  t h e r e  i s  a l a r g e  t h ic k n e s s  ra n g e  i n  th e  f i l m  
f r o m  th e  v e r y  t h i n  w h i t e  a re a s  t o  t h e  t h i c k  d a r k  a re a s .  
D e f i n i t e  c r y s t a l  f a c e s  can be s e e n  i n  th e  d a r k  a re a s  and 
t h i s  c o u ld  mean t h a t  t h e  c r y s t a l l i t e s  have g ro w n  v e r t i c a l l y  
b y  s p i r a l  g row /th  f ro m  some s u i t a b l e  screwr d i s l o c a t i o n  i n  
th e  f i r s t  l a y e r s  o f  t h e  f i l m .  A s i m i l a r  p ro c e s s  c o u ld
o c c u r  i n  th e  Au and Cu f i l m s .  The ave rag e  c r y s t a l l i t e
s iz e s  f o r  A g , Cu and Au a re  a p p r o x im a te ly  600A , 200A and 
lOOA r e s p e c t i v e l y .
E l e c t r o n  d i f f r a c t i o n  showed th a t  th e  c r y s t a l l i t e s  
i n  th e  f i l m  s t r u c t u r e  o f  th e s e  m e ta ls  were fa c e  c e n t r e d  c u b ic  
and h a d  t h e  same l a t t i c e  d im e n s io n s  as th e  b u l k  m e t a l .  The 
d i f f r a c t i o n  p a t t e r n  f o r  t h e  s i l v e r  f i l m  i s  shown as an 
e xa m p le  i n  P la t e  9 . 4  and i t  can be seen t h a t  t h e r e  i s  no 
o r i e n t a t i o n  o f  t h e  c r y s t a l l i t e s .
P la t e  9 . 1 .
o jÿ
E l e c t r o n  m lc r o g r e p h  o f  a g o ld  f i l m  
150A t h i c k .  ( X 4 7 ,5 0 0 )
q m l
P la t e  9 . 2 . E l e c t r o n  m ic ro g ra p h  o f  a s i l v e r  f i l m
200A t h i c k .  ( X 8 3 ,0 0 0 )
%P l a t e  9, 3 . E l e c t r o n  m ic r o g r a p h  o f  a copper 1131m
200A t h i c k .  ( x  85,000
P la t e  9>4 , E l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  i 
s i l v e r  f i l m .  P ace c e n t r e d  c u b ic ,  a = 4*GAA.
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Group 2
The f i l m  s t r u c t u r e s  o f  Fe , N i  and Or w ere  exa m in ed  
b y  e l e c t r o n  m ic r o s c o p y .  The f i l m  s t r u c t u r e s  o f  Fe and N i 
a re  shovm i n  P la t e s  9 . 5  and 9 . 6 .  These f i l m s  have a 
c o n t in u o u s  s t r u c t u r e  a p p e a r in g  t o  be a m o z a ic  o f  v e r y  s m a l l  
g r a i n s .  The g r a i n  s iz e s  f o r  Fe and N i f i l m s  a re  600A and 
lOOA r e s p e c t i v e l y .  Each o f  th e s e  g r a in s  may a c t u a l l y  have  
o r i g i n a t e d  f r o m  a s i n g l e  n u c le u s ,  th e  g r a i n  g r o m n g  a c ro s s  
th e  s u r f a c e  u n t i l  a c o n t in u o u s  f i l m  was fo rm e d .  The g r a i n  
b o u n d a r ie s  c a n  c l e a r l y  be s e e n  i n  th e  i r o n  f i l m .  The 
r e g u l a r  shaped  d a r k  a re a s  seen i n  th e  i r o n  and n i c k e l  f i l m s  
may be due to  th e  f o r m a t i o n  o f  f r e s h  g r a in s  on th e  f i l m  
s u r f a c e ,  th e s e  g r a in s  b e in g  fo rm e d  b y  v e r t i c a l  g ro w th  f ro m  
s u i t a b l e  s i t e s .  The f i l m  s t r u c t u r e  o f  th e  Or f i l m  i s  a ls o  
c o n t in u o u s  th o u g h ,  i n  t h i s  c a s e ,  t h e  f i n e  s t r u c t u r e  appears 
t o  be made up  o f  n e e d le s .  A g ro u p  o f  th e s e  n e e d le s  i s  
e n c i r c l e d  (A )  i n  P la t e  9 .7  and th e  s iz e  o f  a n e e d le  i s  
a p p r o x im a te ly  lOOA lo n g  b y  50A w id e .  T h is  n e e d l e - l i k e  
s t r u c t u r e  i s  s i m i l a r  t o  t h a t  o f  M a r t e n s i t e  s t e e l .  V e r t i c a l  
g ro w th  o f  th e  f i l m  c o u ld  a g a in  a c c o u n t  f o r  t h e  d a r k  areas 
o b s e rv e d  i n  th e  s t r u c t u r e .  A la r g e  num ber o f  c ra c k s  can 
a ls o  be o b s e rv e d  i n  th e  f i l m  s t r u c t u r e ,  one o f  w h ic h  i s  
e n c i r c l e d  ( B ) ,  and th e  c ra c k  w id t h  i s  a p p r o x im a te ly  30A.
The w avy n a t u r e  o f  th e s e  c r a c k s  c o u ld  i n d i c a t e  t h a t  t h e y  
follow g r a i n  b o u n d a r ie s  and i t  can be seen t h a t  th e  c ra c k s
O.lAJ
P l a t e  9. 5 . E l e c t r o n  m ic ro g ra p h  o f  an  i r o n  f i l m
200A t h i c k .  ( X 83 ,0 0 0 )
Q A ë
P l a t e  9 . 6 . E l e c t r o n  m ic ro g ra p h  o f  a n i c k e l  f i l m
lOOA t h i c k .  ( X 81 ,0 0 0 )
if?
m
o . l j j
P l a t e  9 . 7 . E l e c t r o n  m ic ro g ra p h  o f  a ch ro m iu m  f i l m
lOOA t h i c k .  ( X 7 3 ,0 0 0 )
P la t e  9 . 8 . E l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  a 
ch ro m iu m  f i l m .  B ody c e n t r e d  c u b ic  a = 2 . 88A
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do go ro u n d  th e  d a rk  a r e a s ,  as show i i n  c i r c l e  ( C ) .  T he se  
c r a c k s  a re  p re s u m a b ly  c a u s e d  b y  s t r e s s e s  i n  th e  f i l m  
s t r u c t u r e  b u t  one ca n  o n l y  p o s t u la t e  re a s o n s  f o r  th e s e  
s t r e s s e s .  The m a r t e n s i t e  s t r u c t u r e  fo u n d  i n  s t e e l  i s  due 
t o  a v e r y  s m a l l  p e rc e n ta g e  o f  i m p u r i t y  ( 0 . 2 - 0 , 8 ^  C a rbo n ) 
and i t  c o u ld  be p o s s ib le  t h a t  t h e r e  a re  r e s i d u a l  i m p u r i t i e s  
p r e s e n t  i n  th e  Or f i l m  w h ic h  n o t  o n l y  g iv e  t h i s  m a r t e n s i t e  
t y p e  o f  s t r u c t u r e  b u t  cause  s t r e s s e s  t o  be s e t  up  i n  th e  
f i l m .  On th e  o t h e r  h a n d ,  ch rom ium  e x h i b i t s  a phase change 
a t  2 6 ^ 0 . ,  h a v in g  an h e x a g o n a l s t r u c t u r e  be lo w  t h i s  te m p e ra ­
t u r e  and a b o d y  c e n t r e d  c u b ic  s t r u c t u r e  above . The e l e c t r o n  
d i f f r a c t i o n  p a t t e r n  o f  t h e  Cr f i l m  i n  P la t e  9 .8  i n d i c a t e s  a 
b o d y  c e n t r e d  c u b ic  s t r u c t u r e  w i t h  th e  l a t t i c e  p a ra m e te rs  o f  
th e  b u l k  m e t a l .  S t r e s s e s  c o u ld  t h e r e f o r e  be s e t  up  i n  t h e  
f i l m  as i t  t r i e s  t o  change i t s  s t r u c t u r e  a t  t h i s  c r i t i c a l  
t e m p e r a t u r e .
F i lm s  o f  F e ,  N i ,  Mg and T i  w e re  a ls o  exa m in ed  b y  
e l e c t r o n  d i f f r a c t i o n .  The d i f f r a c t i o n  p a t t e r n  f o r  th e  Fe 
f i l m  i n d i c a t e d  a b o d y  c e n t r e d  c u b ic  s t r u c t u r e  w h ic h  i s  th e  
a p h a s e .  The p a t t e r n  f o r  t h e  N i f i l m  showed th e  s t r u c t u r e  
t o  be f a c e  c e n t r e d  c u b ic  i^ h ic h  i s  th e  /? p h a s e .  The l a t t i c e  
p a ra m e te rs  f o r  th e s e  twro s t r u c t u r e s  w ere  t h e  same as t h a t  
f o r  th e  b u l k  m e ta ls  and t h e r e  was no e v id e n c e  o f  th e  p re s e n c e  
o f  t h e  o x i d e . H ow ever, t h e  p re s e n c e  o f  o x id e  was o b s e rv e d
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i n  th e  d i f f r a c t i o n  p a t t e r n s  o f  th e  Mg and T i  f i l m s .  These 
p a t t e r n s  a re  shown i n  P la t e s  9 .9  and 9 .1 0  t o g e t h e r  w i t h  
th e  l a t t i c e  i n d i c e s  f o r  each  d i f f r a c t i o n  r i n g .
The d i f f r a c t i o n  p a t t e r n s  o f  Mo f i l m s  w e re  a ls o  
e xa m in e d  b u t  th e  f i l m s  w e re  n o t  t h i c k  enough t o  g iv e  a 
s h a rp  p a t t e r n  w h ic h  c o u ld  be i n t e r p r e t e d .
G roup 3
The f i l m  s t r u c t u r e s  o f  Zn and Cd o f  t h i s  g ro u p  o f  
lo w  m e l t i n g  p o i n t  m e ta ls  w e re  e xa m in e d  i n  th e  e l e c t r o n  m ic r o ­
s c o p e .  The s t r u c t u r e s ,  as shown i n  P la te s  9 .1 1  and 9 . 1 2 ,  
a re  q u i t e  d i f f e r e n t .  The Zn f i l m  c o n s i s t s  o f  s e m i - t r a n s p a r e n t  
p l a t e - l i k e  c r y s t a l s  v , t i ic h  t e n d  t o  have  a r e g u l a r  h e x a g o n a l  
shape and o v e r l a p  one a n o th e r .  T h is  c r y s t a l  s iz e  i s  
a p p r o x im a te ly  1 0 0 0 1 . T h is  i s  i d e n t i c a l  t o  th e  r e s u l t s  o f  
Sennet t ,  M c L a u c h l in  and S c o t t  . On t h e  o t h e r  h a n d , th e  
s t r u c t u r e  o f  t h e  Cd f i l m  i s  a s i n g l e  l a y e r  o f  a g g re g a te s  o r  
i s l a n d s  o f  a tom s o f  i r r e g u l a r  shape and s iz e  s e p a r a te d  b y  
iv id e  c h a n n e ls .  The a g g re g a te s  have  a s iz e  o f  a p p r o x im a te ly  
400A and t h e  c h a n n e ls  a re  o f  th e  o r d e r  o f  70A w id e .
F i lm s  o f  Zn , Cd, Pb and Sn w e re  e xa m in ed  b y  e l e c t r o n  
d i f f r a c t i o n .  The p re s e n c e  o f  o x id e  was o b s e rv e d  i n  a l l  
t h e  f i l m s .  P la t e s  9 .1 3  - 9 . 1 6  show t h e  f u l l  d e t a i l s  o f  
th e  s t r u c t u r e s  o f  th e  m e ta ls  and th e  O x id e s .  I t  was fo u n d  • 







H e xa g o n a l a = 3 , 20A 




M agnesium  o x id e ,  MgO 
•Face c e n t r e d  c u b ic  a = 4 . 21A
P l a t e  9 . 9 . E l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  a
m agnesium  f i l m .
T i t a n iu m
H e x a g o n a l a = 2, 95A 
c = 4 , 69A
T i t a n iu m  d i o x i d e  ( R u t i l e j , T iO ^
T e t r a g o n a l  a = 4. 59A
c = 2 .9 6 A




P l a t e  9 . 1 1 . E l e c t r o n  m ic r o g r a p h  o f  a z in c  f i l m





Plate 9.12. Electron micrograph of a cadmium film








H e x a g o n a l a = 2 .6 6 A  
c = 4 . 94A
i 2 L 2 2 s _ i o i
Z in c  o x id e ,  ZnO
H e x a g o n a l a = 3 .25A  
c = 5, 21A






H e xa g o n a l a = 2 .9 7 A  
c = 5 .6 1A
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331
Cadmium o x id e ,  CdO 
Pace c e n t r e d  c u b ic  a = 4. 70A





Pace c e n t r e d  c u b ic  a = 4 , 08A
Lead  o x id e  ( Y e l l o w ) , PbO
O r th o rh o m b ic a = 5. 49A 
b = 4 . 76A 
c = 5 . 89A
P l a t e  9 .1 5 .  E l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  a le a d  f i l m .




T in ,  phase  
T e t r a g o n a l a = 5 ,8 3 A 
c = 3 . 19A
T i n  o x id e ,  SnOg 
T e t r a g o n a l a = 4 . 74A
c = 3 . 19A
Plate 9.16. Electron diffraction pattern of a tin film.
Ill
b u l k  m a t e r i a l s #
G roup  4
The f i l m  s t r u c t u r e  o f  an a lu m in iu m  f i l m  was 
e xa m in e d  and P la t e  9 .1 7  shows th e  c o n t in u o u s  s t r u c t u r e  
o b s e rv e d .  T he re  i s  no  s ig n  o f  a g g r e g a t io n  o r  g r a i n  
b o u n d a r ie s .  A g a in  th e  d a rk  a re a s  m i ^ t  be due t o  v e r t i c a l  
g ro iy th  o f  th e  f i l m  f r o m  s u i t a b l e  s i t e s  on  th e  s u r fa c e  o f  
t h e  c o n t in u o u s  s t r u c t u r e .  The e l e c t r o n  d i f f r a c t i o n  p a t t e r n  
o f  t h i s  f i l m ,  sho'^'-n i n  P la t e  9 . 1 8 ,  . i n d i c a t e s  a fa c e  c e n t r e d  
c u b ic  s t r u c t u r e  w i t h  th e  l a t t i c e  p a ra m e te rs  o f  th e  b u l k  
m e t a l .  The re  i s  no e v id e n c e  o f  th e  p re s e n c e  o f  o x id e .
The f i l m  s t r u c t u r e  o f  manganese c o u ld  n o t  be 
e xa m in e d  i n  d e t a i l  s in c e  th e  f i l m  a p p e a re d  t o  r u p t u r e  th e  
f o r m v a r  s u b s t r a t e .  -T h is  e f f e c t  i s  s h o w  i n  P la t e  9 .1 9  
and i t  w o u ld  seem t h a t  t h i s  i s  due  t o  v e r y  g r e a t  s t r e s s e s  
i n  th e  f i l m  fo rm e d  e i t h e r  d u r in g  o r  a f t e r  th e  d e p o s i t i o n  
o f  t h e  f i l m .  One p o s s ib le  r e a s o n  f o r  th e  p re s e n c e  o f  
t h e s e  s t r e s s e s  may be t h e  te n d e n c y  o f  th e  f i l m  t o  
r e c r y  s t  a l i i  SO', th e  b r e a k in g  u p  o f  t h e  f i l m  t e a r i n g  th e  
f o r m v a r  s u b s t r a t e  i n  th e  p r o c e s s .  The d i f f r a c t i o n  p a t t e r n ,  
s h o w  i n  P la t e  9 . 2 0 ,  i n d i c a t e d  t h e  p re s e n c e  o f  t h e  o x id e  MnO,
y . .
^  I • ,
O.lju
P la t e  9 . 1 7 . E l e c t r o n  m ic r o g r a p h  o f  an  a lu m in iu m  f i l m
150A thick. ( X 7 3 ,5 5 0 )
P la t e  9 . 1 8 . E l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  an  




P la t e  9 . 1 9 . E l e c t r o n  m ic ro g ra p h  o f  a manganese f i l m  
s h o w in g  t h e  r u p t u r e  o f  th e  f o r m v a r  s u b s t r a te ,
( X 8,000)
400 331
M anganese, oc phase 
Body c e n t r e d  c u b ic  a = 8 . 89A
222
420
Manganese o x id e ,  MnO 
Pace c e n t r e d  c u b ic  a = 4 . 44A
Plate 9.20. Electron diffraction pattern of a
manganese film.
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4 . D is c u s  S io n
F i lm s  o f  Au, Ag and Cu a l l  showed a s i m i l a r
59s t r u c t u r e  o f  s m a l l  c r y s t a l l i t e s .  M o s to v e tc h  end V o d a r  
have s t a t e d  t h a t ,  irh e re  th e  f i l m  s t r u c t u r e  i s  a g g re g a te d ,  
gas c o u ld  r e a d i l y  be a d so rb e d  b y  th e  f i l m .  The open f i l m  
s t r u c t u r e s  o f  th e  m e ta ls  i n  t h i s  g ro u p  w o u ld  c e r t a i n l y  
p e r m i t  th e  a d s o r p t io n  o f  gas and t h i s  c o u ld  a c c o u n t  f o r  
t h e  r a p i d  r i s e  i n  a d h e s io n  o b s e rv e d  w i t h  a number o f  Cu 
f i l m s .  Oxygen f ro m  t h i s  ad so rb e d  g a s ,  r e a c t i n g  w i t h  th e  
c o p p e r ,  c o u ld  a s s i s t  i n  th e  f o r m a t i o n  o f  an i n t e r m e d ia t e  
c o p p e r  o x id e  l a y e r  a t  th e  m e t a l - g l a s s  i n t e r f a c e ,  th e  a d h e s io n  
r i s i n g  as th e  l a y e r  i s  b u i l t  u p  and b e co m in g  c o n s ta n t  when 
th e  l a y e r  i s  c o m p le te d .  The a d h e s io n  o f  g o ld  and s i l v e r  
f i l m s  w o u ld  n o t  be a f f e c t e d  b y  the  a d s o r p t i o n  o f  gas s in c e  
th e  a f f i n i t y  o f  th e s e  m e ta ls  f o r  oxyg en  i s  much p o o r e r .
The c o n t in u o u s  s t r u c t u r e  o f  f i n e  g r a in s  and n e e d le s  
o b s e rv e d  i n  Fe, N i and Cr f i l m s  s u p p o r t  th e  a s s u m p t io n s  made 
•^hen d i s c u s s in g  th e  a d h e s io n  o f  th e s e  f i l m s  t o  g l a s s .  I t  
was s u g g e s te d  t h a t  t h e  r i s e  i n  a d h e s io n  ^ n lth  t im e  f o r  th e s e  
f i l m s  c o u ld  be due t o  t h e  d i f f u s i o n  o f  o xyg e n  a lo n g  g r a i n  
b o u n d a r ie s  t o  t h e  m e t a l - g l a s s  i n t e r f a c e  t o  c o m p le te  th e  
f o r m a t io n  o f  an i n t e r m e d ia t e  l a y e r  o f  o x id e .  These g r a i n  
b o u n d a r ie s  are a c t u a l l y  o b s e rv e d  i n  Fe and N i f i l m s  end 
t h e i r  p re se n ce  i n  Cr f i l m s  c o u ld  be i n f e r r e d  b y  t h e  n a tu r e
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o f  t h e  c r a c k s  o b s e rv e d .  The c r a c k s  th e m s e lv e s  would, a ls o  
p r o v id e  p a th s  f o r  t h e  oxyg e n  to  r e a c h  t h e  i n t e r f a c e .
The o x id e  o b s e rv e d  i n  Mg and T i  f i l m s  c o u ld  have  
b e e n  fo im e d  i n  th e  f i l m  s t r u c t u r e  d u r i n g  t h e  d e p o s i t i o n  o f  
th e  f i l m  o r  i t  c o u ld  have  g ro w n  on  th e  f i l m  s u r f a c e  
a f t e r w a r d s .  I t  i s  v e r y  d i f f i c u l t  t o  o b t a i n  th e  m e ta ls  
Mg and T i  i n  th e  ra w  s t a t e  f r e e  f r o m  o x id e  and th e  e v a p o ra ­
t i o n  o f  th e s e  m e ta ls  v i t h  a l a r g e  o x id e  c o n t e n t  may, t o  
some e x t e n t ,  a c c o u n t  f o r  t h e  p re s e n c e  o f  th e  o x id e  i n  th e  
f i l m  s t r u c t u r e .  The s t r u c t u r e  o b s e rv e d  f o r  MgO was fa c e
c e n t r e d  c u b ic  w h ic h  i s  th e  s t r u c t u r e  o f  th e  b u l k  m a t e r i a l
17and s i m i l a r  t o  t h e  r e s u l t s  o f  S t a h l  . H o w ever, P in c h  
and Q u a r r e l l ^ ^  have shovm t h a t  th e  o x id e  fo rm e d  on th e  
s u r fa c e  o f  m agnes ium  e xp o se d  t o  a i r  had  an h e x a g o n a l 
s t r u c t u r e .  T h is  c o u ld  i n d i c a t e  t h a t  th e  o x id e  o b s e rv e d  
i n  th e  p r e s e n t  i n v e s t i g a t i o n  was fo rm e d  w i t h i n  th e  f i l m  
s t r u c t u r e .  I f  th e  o x id e  was fo rm e d  i n  th e  f i r s t  l a y e r s  
o f  t h e  f i l m  as i t  b u i l t  up  th e n  t h i s  l a y e r  c o u ld  a c c o u n t  
f o r  t h e  s t r o n g  a d h e s io n  o b s e rv e d  im m e d ia te ly  a f t e r  
d e p o s i t i o n  o f  t h e  f i l m s  on g l a s s .  S i m i l a r l y ,  t h e  s t r o n g  
a d h e s io n  o f  T i  t o  g la s s  may i n d i c a t e  t h a t  t h e  o x id e  o b s e rv e d  
was fo rm e d  a t  th e  m e t a l - g l a s s  i n t e r f a c e .
I t  was s u g g e s te d  i n  C h a p te r  7 t h a t  th e  p o o r  
a d h e s io n  o b s e rv e d  m t h  t h e  lo w  m e l t i n g  p o i n t  m e ta ls  was due
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t o  t h e i r  h i g h l y  a g g re g a te d  f i  Im . s t r u c t u r e . T h is  a g g re g a te d  
s t r u c t u r e  ha s  been  v e r i f i e d  i n  t h e  c a s e s  o f  Zn and Cd. The 
s t r u c t u r e  o f  t h e  Zn f i l m  a p pe a re d  t o  c o n s i s t  o f  l a y e r s  o f  
r e g u l a r  shaped c r y s t a l s .  These c r y s t a l s  w o u ld  have  v e r y  
l i t t l e  c o h e s io n  b e tw e e n  th e m s e lv e s  and w o u ld  s l i d e  o v e r  each  
o t h e r  e a s i l y .  T he re  w o u ld  o n ly  be a fe w  o f  th e s e  c r y s t a l s  
i n  c o n t a c t  v r i t h  th e  g la s s  s u r f a c e  so t h a t  th e  a d h e s io n  o f  
th e  f i l m  as a w h o le  v ro u ld  be v e r y  p o o r .  The s t r u c t u r e  o f
th e  Cd f i l m  i s  d i f f e r e n t  t o  t h a t  o f  Z n . I n  t h i s  c a s e ,  th e
atoms b u i l d  up  i n  ra n d o m ly  shaped a g g re g a te s  s e p a r a te d  b y  
^"dde c h a n n e ls .  H ow ever, each  o f  th e s e  a g g re g a te s  i s  i n  
c o n t a c t  w i t h  th e  s u b s t r a t e  s u r fa c e  and t h i s  w o u ld  a c c o u n t  
f o r  t h e  s t r o n g e r  a d h e s io n  o b s e rv e d  v d th  Cd f i l m s  on g l a s s .
B o th  th e  Zn and th e  Cd t y p e  o f  s t r u c t u r e  w o u ld  
r e a d i l y  a d s o rb  gas m o le c u le s  and, th o u g h  th e  a d h e s io n  o f  
th e  f i l m s  w o u ld  n o t  be a f f e c t e d ,  t h i s  a d s o r p t io n  c o u ld  
a c c o u n t  f o r  t h e  p re s e n c e  o f  t h e  o x id e  o b s e rv e d  i n  Zn, Cd,
Pb and Sn f i l m s .
A lu m in iu m  f i l m s  w ere  shown t o  have  a c o n t in u o u s  
s t r u c t u r e  w i t h  no  s ig n  o f  a g g r e g a t io n  o r  g r a i n  b o u n d a r ie s .  
The d i f f r a c t i o n  p a t t e r n  showed no  e v id e n c e  o f  th e  o x i d e .
T h is  c o u ld  a c c o u n t  f o r  th e  p o o r  a d h e s io n  o b s e rv e d  w i t h  
a lu m in iu m  f i l m s  on g l a s s .  I f  th e  a lu m in iu m  f i l m  was 
d e p o s i t e d  as a c o n t in u o u s  s t r u c t u r e  w i t h  o n l y  a s m a l l  num ber 
o f  oxyg e n  m o le c u le s  t r a p p e d  i n  t h e  s t r u c t u r e  th e n  th e s e
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m o le c u le s  w o u ld  r e q u i r e  a l a r g e  a c t i v a t i o n  e n e rg y  t o  d i f f u s e  
t h r o u g h  th e  l a t t i c e .  These m o le c u le s  w o u ld  t h e r e f o r e  ta k e  
t im e  t o  d i f f u s e  t o  th e  i n t e r f a c e  w here  t h e r e  w o u ld  be a 
s lo w  b u i l d  up  o f  o x y g e n .  T h is  b u i l d  u p  may ha ve  t o  re a c h  
a c e r t a i n  l e v e l  b e fo r e  th e  a d h e s io n  i s  a f f e c t e d .  T h is  
w o u ld  a c c o u n t  f o r  th e  p o o r  i n i t i a l  a d h e s io n  and th e  sudden 
r i s e  i n  a d h e s io n  a f t e r  a p p r o x im a te ly  200  h o u r s .  I t  i s  
w e l l  knovn  t h a t  a lu m in iu m  fo rm s  a p r o t e c t i v e  o x id e  c o a t i n g  
on  i t s e l f .  The f o r m a t io n  o f  such  a c o a t i n g  on  th e  f i l m  
s u r f a c e  im m e d ia te ly  a f t e r  d e p o s i t i o n  o f  th e  f i l m  w o u ld  
p r e v e n t  oxyg en  f ro m  th e  a tm o sp h e re  e n t e r i n g  th e  f i l m  
s t r u c t u r e  and t h e r e f o r e  o n l y  t h e  o xyg e n  t r a p p e d  d u r in g  
d e p o s i t i o n  w o u ld  a f f e c t  t h e  a d h e s io n  o f  th e  f i l m .  T h is  
c o u ld  mean t h a t  the  i n t e r m e d ia t e  o x id e  l a y e r  a t  th e  
m e t a l - g l a s s  i n t e r f a c e  may o n ly  be p a r t i a l l y  fo rm e d  and th e  
f i n a l  a d h e s io n  w o u ld  be lo w .
I t  was s u g g e s te d  t h a t  r e c r y s t a l l i s a t i o n  o f  th e  
manganese f i l m  a f t e r  d e p o s i t i o n  caused  th e  r u p t u r i n g  o f  
t h e  fo r m v a r  s u b s t r a t e .  R e c r y s t a l l i s a t i o n  c o u ld  a ls o  e x p la i n  
th e  v a r i a t i o n  o f  a d h e s io n  w i t h  t im e  o b s e rv e d  w i t h  Mn f i l m s  
on g l a s s .  I f  t h e  Mn f i l m  was d e p o s i t e d  as a c o n t in u o u s  
s t r u c t u r e  vd t h  no I n t e r m e d ia t e  o x id e  l a y e r  fo rm e d  th e n  th e  
i n i t i a l  a d h e s io n  w o u ld  be p o o r .  H o w e ve r, i f  t h e  f i l m  
r e c r y s t  a l l i s e d  t h e n  gas c o u ld  be a d s o rb e d  f r o m  th e  a tm o sph e re  
and t h e r e  c o u ld  be a r e a c t i o n  a t  th e  i n t e r f a c e  t o  fo rm  an
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o x id e  l a y e r .  T h is  w o u ld  g iv e  th e  r i s e  i n  a d h e s io n  o b s e rv e d  
a f t e r  150 h o u r s .  E l e c t r o n  d i f f r a c t i o n  has shown th e  
p re s e n c e  o f  th e  o x id e .
5 .  Conelu s  io n s
T h is  i n v e s t i g a t i o n  has g iv e n  e v id e n c e  i n  s u p p o r t  
o f  th e  a s s u m p t io n s  made as t o  th e  r o l e  p la y e d  b y  th e  f i l m  
s t r u c t u r e  i n  e x p l a i n i n g  th e  a d h e s io n  o f  m e ta l  f i l m s  t o  g l a s s .
I n  i r o n ,  n i c k e l  and chrom ium  f i l m s ,  w here  th e  
f i l m  s t r u c t u r e  was c o n t in u o u s  b u t  th e  a d h e s io n  r o s e  r a p i d l y  
t o  v e r y  h ig h  v a lu e s ,  g r a i n  b o u n d a r ie s  and c ra c k s  w e re  
o b s e rv e d  v h i c h  w o u ld  a l l o w  th e  passage o f  oxygen m o le c u le s  
th r o u g h  th e  s t r u c t u r e  t o  th e  m e t a l - g la s s  i n t e r f a c e .
H o w e ve r ,  i n  th e  case o f  a lu m in iu m ,  w h ic h  a ls o  had a 
c o n t in u o u s  f i l m  s t r u c t u r e ,  t h e r e  was no s ig n  o f  an y  g r a i n  
b o u n d a r ie s  o r  d i s c o n t i n u i t i e s  i n  th e  s t r u c t u r e  w h ic h  w o u ld  
p e r m i t  th e  pa ssag e  o f  oxygen  m o le c u le s  th r o u g h  th e  s t r u c t u r e . 
Due to  th e  f o r m a t i o n  o f  a p r o t e c t i v e  o x id e  l a y e r  on  th e  
f i l m  s u r fa c e  a f t e r  d e p o s i t i o n ,  o n ly  oxygen t r a p p e d  i n  th e  
f i l m  s t r u c t u r e  c o u ld  d i f f u s e  t o  th e  m e t a l - g la s s  i n t e r f a c e  
and t h i s  l a t t i c e  d i f f u s i o n  w o u ld  be s lo w .  T h is  c o u ld  
e x p l a i n  th e  p o o r  I n i t i a l  a d h e s io n  o f  th e s e  f i l m s ,  t h e  sudden 
r i s e  i n  th e  a d h e s io n  a f t e r  a p p r o x im a te ly  200 h o u rs  b e in g  due 
t o  an a c c u m u la t io n  o f  th e  s lo w ly  d i f f u s i n g  m o le c u le s  a t  t h e
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i n t e r f a c e .  The p o o r  i n i t i a l  a d h e s io n  o f  manganese f i l m s  
c o u ld  be due t o  a s i m i l a r  s t r u c t u r e  th o u g h  t h e  r i s e  i n  
a d h e s io n  a f t e r  150 h o u rs  i s ,  i n  t h i s  c a s e ,  due t o  
r e  c r y  s t  a l i i  s a t  i o n  o f  t h e  f i l m  a l l  own ng gas to  e n t e r  t h e  
s t r u c t u r e .
The h i g h l y  a g g re g a te d  s t r u c t u r e  o b s e rv e d  i n  z in c  
and cadmium f i l m s  s u p p o r t s  th e  a s s u m p t io n  made e a r l i e r  t h a t  
th e  p o o r  a d h e s io n  o f  t h e  lo w  m e l t i n g  p o i n t  m e ta ls  was due 
t o  t h i s  t y p e  o f  s t r u c t u r e .
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CHAPTER 10
EliECTRICAL PROPERTIES OF THIN METALLIC FILMS
1 .  I n t r o d u c t l o n
The e l e c t r i c a l  p r o p e r t i e s  o f  a t h i n  f i l m  a re  
v e r y  c l o s e l y  r e l a t e d  t o  th e  f i l m  s t r u c t u r e  as w e l l  as t o  th e  
f i l m  t h i c k n e s s .  I n  f a c t ,  due t o  th e  f i l m  s t r u c t u r e ,  
e l e c t r i c a l  c o n d u c t io n  may o n l y  become a p p a re n t  vhe n  th e  
f i l m  has re a c h e d  an a p p r e c ia b le  t h i c k n e s s .  A t  t h i s  s ta g e  
th e  f i l m  v d l l  have  a s p e c i f i c  r e s i s t i v i t y  many t im e s  g r e a t e r  
th a n  th e  v a lu e  f o r  th e  b u l k  m a t e r i a l .  As th e  f i l m  t h ic k n e s s  
in c r e a s e s ,  t h e  r e s i s t i v i t y  te n d s  t o  a p p ro a c h  th e  b u l k  v a lu e .  
H o w e ve r, i n  some ca se s  th e  r e s i s t i v i t y  may re m a in  g r e a t e r  
t h a n  t h e  b u l k  v a lu e  and t h i s  c o u ld  i n d i c a t e  th e  p re s e n c e  
o f  i m p u r i t i e s ,  o c c lu d e d  g a s e s ,  o r  a h i g h l y  a g g re g a te d  
s t r u c t u r e .  -The changes  i n  r e s i s t a n c e  v d t h  t im e  a f t e r  
d e p o s i t i o n  a ls o  g iv e  an i n d i c a t i o n  o f  s t r u c t u r a l  cha ng es  
o c c u r r i n g  w i t h i n  th e  f i l m .
S in c e  i t  has been s u g g e s te d  t h a t  t h e  f i l m  s t r u c t u r e  
p la y s  an im p o r t a n t  r o l e  i n  th e  a d h e s io n  o f  a f i l m  to  a g la s s  
s u r f a c e ,  i t  was d e c id e d  t o  exam ine th e  r e s i s t a n c e  o f  t h e  
f i l m s  i n  c o n ju n c t i o n  w i t h  th e  a d h e s io n  m e a su re m e n ts .  T h e re fo r e
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a sam ple  o f  th e  m e ta l  f i l m  b e in g  d e p o s i t e d  f o r  th e  a d h e s io n  
m ea su re m en ts  was c o l l e c t e d  on a s e p a r a te  g la s s  s l i d e  i n  t h e  
f o r m  o f  a t h i n  s t r i p  b e tw e e n  tv jo  s i l v e r  e l e c t r o d e s ,  w h ic h  
h a d  been p r e v i o u s l y  f i r e d  on t o  th e  s u r f a c e .  The d im e n s io n s  
o f  th e  s t r i p  were  a p p r o x im a te ly  6 . 5  cm. x  0 . 2  cm. and t h i s  
gave  a ra n g e  o f  r e s i s t a n c e  o f  5 -  1 0 ,0 0 0  ohms, d e p e n d in g  
u p o n  t h e  f i l m  m a t e r i a l  and i t s  t h i c k n e s s .  The s p e c i f i c  
r e s i s t i v i t y  o f  t h e  f i l m  can  be c a l c u l a t e d  as f o l l o w s
S p e c i f i c  r e s i s t i v i t y  = R . — , t  ohm s.cm .
L
w h e re  R = r e s i s t a n c e  o f  t h e  m e ta l  s t r i p  (ohm s)
W = v d d th  o f  s t r i p  ( c m . )
L  = l e n g t h  o f  s t r i p  ( c m . )  
and t  = f i l m  t h ic k n e s s  (c m . )
2 .  M easurem ent o f  R e s is ta n c e
A f t e r  d e p o s i t i o n  th e  sp e c im e ns  were  rem oved  f r o m  
th e  cham ber and th e  D .C . r e s i s t a n c e  m e a su re d  b y  a s im p le  
W h e a ts to n e  B r id g e  a r ra n g e m e n t .  A P o s t  O f f i c e  box  was u s e d  
b o th  f o r  th e  r a t i o  and t h e  b a la n c in g  arm s, ' t h e  bo x  h a v in g  
b e e n  c h e c k e d  t o  be i n  s ta n d a r d  ohms. A two v o l t  s to r a g e  
c e l l  s u p p l i e d  t h e  n e c e s s a r y  v o l t a g e  th r o u g h  a 62 K ohms 
r e s i s t o r  and a Pye . g a lv a n o m e te r  m t h  a s e n s i t i v i t y  o f  
700 m m ./uA  was u s e d  f o r  b a la n c in g  th e  b r i d g e .  The s p e c im e n
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was h e ld  on  a wooden b o a rd  b y  tw o  m a s s iv e  b r a s s  b lo c k s  
c la m pe d  o v e r  th e  s i l v e r  e l e c t r o d e s .  The c o n t a c t  r e s i s t a n c e  
b e tw e e n  th e  b ra s s  c la m p s  and th e  s i l v e r  e le c t r o d e s  was fo u n d  
t o  be o n l y  a f r a c t i o n  o f  an ohm.
I n  t h e  m easurem en t o f  D .C .  r e s i s t a n c e s  o f  f i l m s  
o t h e r  th a n  s i l v e r ,  i t  was t h o u g h t  t h a t  a c o n t a c t  p o t e n t i a l  
m ig h t  be p r e s e n t  b e tw e e n  th e  f i l m  and th e  s i l v e r  e l e c t r o d e ,  
i n  w h ic h  case  th e  r e s i s t a n c e  m ea su re d  w o u ld  be t o o  h i g h .
By v a r y i n g  th e  v o l t a g e  a c ro s s  th e  b r i d g e ,  th e  p re s e n c e  o f  
a c o n t a c t  p o t e n t i a l  w o u ld  be i n d i c a t e d  b y  a v a r i a t i o n  i n  
th e  r e s i s t a n c e  o f  t h e  f i l m .  T e s ts  w e re  c a r r i e d  o u t  on 
spe c im e ns  o f  a number o f  m e t a l s ,  th e  v o l t a g e  a c ro s s  th e  
b r i d g e  b e in g  v a r i e d  f r o m  0 .1  mV to  200 mV. I n  a l l  cases 
t h e r e  was no change i n  t h e  r e s i s t a n c e  o f  th e  f i l m s  m ea su re d  
a t th e s e  v o l t a g e s ,  i n d i c a t i n g  t h a t  t h e r e  was no c o n t a c t  
p o t e n t i a l  p r e s e n t  b e tw e e n  th e  f i l m  and th e  s i l v e r  c o n t a c t .
As a f u r t h e r  c h e c k ,  an A .O . b r i d g e  was u s e d  s i n c e ,  w i t h  
t h i s  t y p e  o f  b r i d g e ,  a c o n t a c t  p o t e n t i a l  w o u ld  be e l i m i n a t e d .  
The r e s i s t a n c e s  o f  th e  f i l m s  m e a su re d  o v e r  a f r e q u e n c y  ra n g e  
o f  50 c / s  to  20  K c /s  showed no a p p r e c ia b le  v a r i a t i o n  and 
w e re  i n  good ag reem en t v d th  c o r r e s p o n d in g  v a lu e s  o f  th e  
D .C . r e s i s t a n c e s .
I k i l
3 .  R e s u l t s
S in c e  th e  r e s i s t a n c e  o f  th e  f i l m s  was o n l y  
m ea su re d  a f t e r  th e  sp e c im e n s  h a d  been  rem o ved  f ro m  th e  
cham ber, t h e r e  was a t im e  la p s e  o f  a b o u t t h r e e  m in u te s  
b e tw e e n  d e p o s i t i o n  o f  th e  f i l m  and th e  f i r s t  r e s i s t a n c e  
m e a su re m e n t.  As m e n t io n e d  i n  C h a p te r  7 , t h e r e  was a 
s i m i l a r  t im e  la p s e  b e fo r e  t h e  f i r s t  a d h e s io n  m easurem en t 
was m ade,
Once a g a in  th e  r e s u l t s  a re  b e s t  d e s c r ib e d  b y  
t a k i n g  t h e  m e ta ls  i n  g r o u p s ,  as p r e v i o u s l y  s u g g e s te d .
G roup  1
F ig u r e s  1 0 . 1 - 1 0 . 3  show th e  v a r i a t i o n  o f  
r e s i s t a n c e  m t h  t im e  f o r  f i l m s  o f  Au, Ag and Cu. Au and 
Cu f i l m s  showed an i n i t i a l  d ro p  i n  r e s i s t a n c e  b u t ,  w h i le  
t h e  r e s i s t a n c e  o f  Cu f i l m s  th e n  re m a in e d  c o n s t a n t ,  t h e  
r e s i s t a n c e  o f  Au f i l m s  ro s e  s l i g h t l y  w i t h  t im e .  T h is  
i n i t i a l  d ro p  i n  r e s i s t a n c e  was o n l y  o b s e rv e d  v i t h  t h i c k  
Ag f i l m s  ( 3 0 0 A ) , th e  t h i n n e r  f i l m s  shovdng  a s te a d y  r i s e
i n  r e s i s t a n c e  o v e r  t h e  w h o le  t im e  p e r i o d .
The i n i t i a l  s p e c i f i c  r e s i s t i v i t i e s  w e re  c a l c u l a t e d  
f o r  e a ch  sp e c im e n  u s in g  t h e  i n i t i a l  v a lu e  o f  th e  r e s i s t a n c e .  
I t  was fo u n d  t h a t  t h e  r e s i s t i v i t i e s  o f  Au, Ag and Cu f i l m s  
became c o n s t a n t  a t  a f i l m  t h i c k n e s s  o f  a p p r o x im a te ly  300A a t
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Figure 10.1. Variation of resistance (H) with time for
GOLD films on glass.
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Figure 10.2. Variation of resistance (R) v/ith time for
SILVER films on glass.
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Figure 10,3. Variation of resistance (Pj with time for
COPPFH films on glass.
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v a lu e s  s l i g h t l y  g r e a t e r  t h a n  th e  v a lu e s  f o r  th e  b u l k  m a t e r i a l s .  
G roup  2
The m e ta ls  i n  t h i s  g ro u p  w ere  N i ,  Mo, Pe, C r ,  T i ,
Z r  and Mg. F i lm s  o f  Z r  and Mg exa m in ed  e i t h e r  had an 
i n f i n i t e  r e s i s t a n c e  o r  h a d  a v e r y  h i g h  i n i t i a l  r e s i s t a n c e  
i^ i i io h  r a p i d l y  became i n f i n i t e .  I n  th e  case o f  Mg, t h i s  
a p p e a re d  t o  be due t o  b re a k d o w n  o f  th e  f i l m  a t  th e  s i l v e r  
e l e c t r o d e s .  F o r  Z r  f i l m s ,  th e  i n f i n i t e  r e s i s t a n c e s  w e re  
p r o b a b ly  due t o  t h e  t h in n e s s  o f  th e  f i l m s .  H ow ever, th e  
v a r i a t i o n  i n  r e s i s t a n c e  ^pdth t im e  o b s e rv e d  m t h  f i l m s  o f  
N i ,  Mo, F e ,  Cr and T i  a re  shown i n  F ig u r e s  1 0 . 4 - 1 0 . 8 .
F i lm s  o f  N i ,  Mo and Fe showed a s te a d y  r i s e  i n  r e s i s t a n c e  
1^ 1 t h  t im e  w h e re a s  th e  r e s i s t a n c e  o f  Cr and T i  f i l m s ,  a f t e r  
an i n i t i a l  r i s e ,  became f a i r l y  c o n s t a n t .
The i n i t i a l  s p e c i f i c  r e s i s t i v i t i e s  o f  f i l m s  o f  
th e s e  m e ta ls  w e re  fo u n d  t o  be s e v e r a l  t im e s  g r e a t e r  t h a n  
th e  b u l k  v a lu e s .  T h is  was u n d e r s ta n d a b le  i n  th e  case s  o f  
N i ,  Mo and T i , w he re  o n l y  t h i n  f i l m s  were e x a m in e d . H o w e ve r, 
i n  th e  ca se s  o f  Cr and F e ,  a m d e  ra n g e  o f  f i l m  t h ic k n e s s  
was e xa m in ed  and, even s o ,  th e  r e s i s t i v i t i e s  a p p ro a ch e d  c o n s ta n t  
v a lu e s  w h ic h  w ere  s t i l l  h i g h .  F ig u r e  1 0 .9  shows t h e  
e x p e r im e n ta l  v a lu e s  o f  th e  i n i t i a l  s p e c i f i c  r e s i s t i v i t y  
p l o t t e d  a g a in s t  t h ic k n e s s  f o r  ch rom ium  f i l m s .  I t  c a n  be
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F ig u r e  1 0 .4 .  V a r i a t i o n  o f  r e s i s t a n c e  (H) w i t h  t im e  f o r
NICKEL f i l m s  o n  g la s s .
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F i g u r e  1 0 . 5 .  V a r i a t i o n  o f  r e s is t a n c e  (R ) w i t h  t im e  f o r
MOLYBDENUM f i l m s  o n  g la s s .
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Figure 10.6. Variation of resistance (R) with time for
IRON films on glass.
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Figure 10.7. Variation of resistance (r ) with time for
CHROMIUM films on glass.
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F i g u r e  1 0 . 8 .  V a r i a t i o n  o f  r e s i s t a n c e  (R ) v / i t h  t im e  f o r
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F ig u r e  1 0 .9 ,  R e s i s t i v i t y  v e r s u s  f i l m  t h i c k n e s s  f o r
CHROMIUM f i l m s .
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se e n  t h a t  t h e  r e s i s t i v i t y  d ro p s  r a p i d l y  as th e  t h ic k n e s s
in c r e a s e s  u n t i l ,  a t  a p p r o x im a te ly  400A, t h e r e  i s  a r i s e  i n
th e  r e s i s t i v i t y  t o  a f a i r l y  c o n s ta n t  v a lu e  ^-^hich i s  a b o u t
t w e n t y  t im e s  g r e a t e r  th a n  th e  b u lk  v a l u e . A ls o  sh o w i i n
F ig u r e  1 0 .9  i s  t h e  t h e o r e t i c a l  c u rv e  o f  r e s i s t i v i t y  f o r  Cr
61f i l m s  o v e r  th e  same t h ic k n e s s  ra n g e  c a l c u l a t e d  f r o m  Fuchs 
F u ch s *  t h e o r y  c o n s id e r s  t h a t  t h e  f i l m s  a re  homogeneous and 
o n l y  ta k e s  i n t o  a c c o u n t  th e  b o u n d a ry  e f f e c t s  due t o  f i l m  
t h i c k n e s s .  The t h e o r e t i c a l  c u r v e  shown was c a l c u l a t e d  
a s s u m in g  t h a t  a l l  t h e  c o n d u c t io n  e l e c t r o n s  w e re  ra n d o m d ly  
r e f l e c t e d  f r o m  th e  b o u n d a r ie s  o f  th e  f i l m  and t h a t  th e  
mean f r e e  p a th  o f  t h e s e  e l e c t r o n s  was 50 0 â . C om paring  
t h i s  t h e o r e t i c a l  c u rv e  w i t h  th e  e x p e r im e n ta l  v a lu e s  i t  ca n  
be s e e n  t h a t  t h e r e  i s  a l a r g e  d is c r e p a n c y  b e tw e e n  t h e o r y  
and e x p e r im e n t  ^ % ic h  i s  p r o b a b l y  due to  th e  e f f e c t  o f  f i l m  
s t r u c t u r e ,
G roup  5
The v a r i a t i o n s  o f  r e s i s t a n c e  m t h  t im e  f o r  f i l m s  
o f  t h i s  g ro u p  o f  lo w  m e l t i n g  p o in t  m e ta ls  a re  shcn.",n i n  
F ig u r e s  1 0 .1 0  - 1 0 . 1 3 .  I t  c a n  be seen t h a t  f o r  f i l m s  o f  
Cd, Pb and Sn, th e  r e s i s t a n c e  e i t h e r  showed a s l i g h t  in c r e a s e  , 
m t h  t im e  o r  re m a in e d  f a i r l y  c o n s t a n t .  F i lm s  o f  Zn showed 
a s l i g h t  i n i t i a l  d ro p  i n  r e s i s t a n c e  f o l l o w e d  b y  a s te a d y  r i s e .
The i n i t i a l  s p e c i f i c  r e s i s t i v i t i e s  o f  th e s e  m e ta l
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Figure 10.10. Variation of resistance (R) with time for
2INC films on glass.
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Figure 10.12, ' Variation of resistance (H) with time for
LEAD films on glass.
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Figure 10,1-3. Variation of resistance (R) with time for
TIN films on glass.
f i l m s  a p p ro a c h e d  a c o n s ta n t  v a lu e  s l i g h t l y  h i g h e r  th a n  th o s e  
o f  t h e  b u l k  m e ta ls  as th e  f i l m  t h i c k n e s s  v^as in c r e a s e d o
G roup 4
The v a r i a t i o n  o f  r e s i s t a n c e  m t h  t im e  f o r  a lu m in iu m  
f i l m s  i s  s h o rn  i n  F ig u r e  1 0 .1 4  end i t  can  be s e e n  t h a t  t h e r e  
i s  an i n i t i a l  r i s e  i n  r e s i s t a n c e  b u t  t h a t  a c o n t in u o u s  v a lu e  
i s  sc o n  r e a c h e d .  The t h e o r e t i c a l  v a lu e s  o f  t h e  r e s i s t i v i t y  
f o r  a lu m in iu m  f i l m s  ''-ere a g a in  c a l c u l a t e d  a f t e r  t h e  t h e o r y  
o f  F u ch s^  , a ssu m in g  t h a t  a l l  t h e  c o n d u c t io n  e l e c t r o n s  a re  
r a n d o m ly  r e f l e c t e d  f r o m  th e  b o u n d a r ie s  o f  t h e  f i l m  and have 
a mean f r e e  p a th  o f  5 0 0A. These v a lu e s  a re  sho^mn i n  
F ig u r e  1 0 .1 5  t o g e t h e r  ■'^âth t h e  e x p e r im e n t a l  v a lu e s  o f  th e  
i n i t i a l  s p e c i f i c  r e s i s t i v i t i e s .  I t  c a n  be seen  t h a t  t h e r e  
i s  v e r y  good ag ree m en t bet^^^een th e  t h e o r e t i c a l  and e x p e r i ­
m e n ta l  v a lu e s .  The s l i g h t  d i s c r e p a n c y  a t  v e r y  s m a l l  f i l m  
t h ic k n e s s e s  c o u ld  be due t o  e r r o r s  i n  th e  m ea sure m en t o f  
t h ic k n e s s e s  o f  th e  o r d e r  o f  5 0 -1 0 0 Â .
The v a r i a t i o n  o f  r e s i s t a n c e  w i t h  t im e  f o r  Mn f i l m s  
i s  s h o -n  i n  F ig u r e  1 0 .1 6 .  A g a in ,  t h e r e  i s  an i n i t i a l  r i s e  
i n  th e  r e s i s t a n c e  b u t ,  i n s t e a d  o f  b e c o m in g  c o n s t a n t ,  t h e r e  
i s  a f u r t h e r  r i s e  i n  r e s i s t a n c e  a t  a p p r o x im a te ly  150 h o u r s .  
The r e s i s t a n c e  o n l y  th e n  becomes c o n s t a n t .  The i n i t i a l  
s p e c i f i c  r e s i s t i v i t i e s  w e re  a c t u a l l y  lo w e r  th a n  th e  b u l k  
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Figure 10.16. Variation of résistance (R) with time for
L'ANOANSSE films on glass.
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4 , D i s G u s s io n  
G roup 1
I t  has b e en  shovn i n  th e  p r e v io u s  c h a p t e r  t h a t  
d e p o s i t e d  f i l m s  o f  t h e  m e ta ls  l u ,  Ag and Cu have a s i m i l a r  
s t r u c t u r e  w h ic h  ap peared  to  be a c o l l e c t i o n  o f  c r y s t a l l i t e s  
o f  random  shape and s i z e .  On a d m i t t i n g  a i r  t o  th e  cham ber 
a f t e r  d e p o s i t i o n  o f  t h e s e  f i l m s ,  gas c o u ld  r e a d i l y  be 
a d s o rb e d  b y  t h i s  open f i l m  s t r u c t u r e .  M o s to v e tc h  and V o d a r^ ^  
have s t a t e d  t h a t  t h i s  a d s o rb e d  gas c o u ld  lo w e r  th e  p o t e n t i a l  
b a r r i e r s  b e tw e e n  c r y s t a l s  and cause  a d ro p  i n  r e s i s t a n c e ,  
and t h i s  i s  p r o b a b l y  w ha t o c c u r r e d  w i t h  Au, Cu and t h i c k  Ag 
f i l m s .  I t  i s  p o s s ib le  t h a t  t h i s  e f f e c t  a ls o  o c c u r r e d  w i t h  
t h i n  Ag f i l m s  w h ic h  w o u ld  have  an even m ore  open  s t r u c t u r e  
th a n  th e  t h i c k e r  f i l m s  and t h e  t im e  la p s e  b e fo r e  m easurem en t 
may have p r e v e n te d  i t s  d e t e c t i o n .  The in c r e a s e  i n  r e s i s t a n c e  
o b s e rv e d  m t h  Au and t h i n  Ag f i l m s  was p r o b a b ly  due t o  some 
r e c r y s t a l l i s a t i o n  and i n c r e a s in g  a g g r e g a t io n  due t o  f a v o u r e d  
g ro w th  o f  l a r g e r  c r y s t a l s .
The t y p e  o f  open s t r u c t u r e  o b s e rv e d  m t h  f i l m s  o f  
th e s e  m e ta ls  w o u ld  a c c o u n t  f o r  th e  r e s i s t i v i t i e s  a p p ro a c h in g  
v a lu e s  s l i g h t l y  h ig h e r  th a n  th o s e  o f  th e  b u l k  m a t e r i a l s  as 
th e  f i l m  t h i c k n e s s  in c r e a s e d .
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Group 2
A l l  th e  f i l m s  o f  th e  m e ta ls  o f  t h i s  g ro u p  showed 
an i n i t i a l  r i s e  i n  r e s i s t a n c e  w i t h  t im e  and , s in c e  a l l  t h e s e  
m e ta ls  a re  o x y g e n  a c t i v e ,  t h i s  was p r o b a b l y  due  t o  t h e  
f o r m a t i o n  o f  an  o x id e  l a y e r  on th e  f i l m  s u r f a c e .  Cr and T i  
b o th  fo rm  a p r o t e c t i v e  o x id e  c o a t i n g  w h ic h  g ro w s  r a p i d l y  t o  
i t s  maximum t h i c k n e s s  a n d , b e in g  c o n t i n u o u s ,  p r e v e n t s  f u r t h e r  
o x i d a t i o n .  T h is  w o u ld  a c c o u n t  f o r  t h e  r e s i s t a n c e  t e n d in g  
t o  a c o n s t a n t  v a lu e  a f t e r  t h e  i n i t i a l  r i s e .  On th e  o t h e r  
h a n d . N i  and Fe do n o t  f o r m  p r o t e c t i v e  o x id e  c o a t in g s  and 
th e  g ro w th  la w  i n d i c a t e s  t h a t  th e  c o a t i n g  i s  p e rm e a b le  .
From th e  s t r u c t u r e  o f  t h e s e  m e ta ls  i t  w o u ld  be e x p e c te d  t h a t  
t h e r e  ^*'ould be d i f f u s i o n  o f  o x y g e n  b e tw e e n  th e  g r a i n s  f o r m in g  
o x id e  i n c l u s i o n s .  T h is  w o u ld  e x p l a i n  th e  c o n t in u e d  r i s e  o f  
r e s i s t a n c e  o b s e rv e d  f o r  th e s e  m e ta l  f i l m s .
The i n i t i a l  r e s i s t i v i t i e s  o f  a l l  t h e  f i l m s  e xa m in e d  
i n  t h i s  g ro u p  w e re  h i g h e r  t h a n  th e  b u l k  v a lu e s  th o u g h ,  i n  
m o s t c a s e s ,  t h i s  was d u e ,  t o  some e x t e n t ,  t o  t h e  t h in n e s s  
o f  t h e  f i l m s o  H o w e ve r,  f o r  C r and Pe w here  t h i c k  f i l m s  
w ere  e x a m in e d ,  th e  r e s i s t i v i t i e s  w e re  s t i l l  fo u n d  to  be h i g h  
and t h i s  c o u ld  have  been c a u s e d  b y  t h e  g r a i n  b o u n d a r ie s  
o b s e rv e d  i n  th e  f i l m  s t r u c t u r e . H o w e ve r,  t h e r e  i s  a n o th e r  
p o s s ib l e  r e a s o n .  H i l l  and  ""^eaver^^ ha ve  sho^m t h a t  t h e  
o p t i c a l  p r o p e r t i e s  o f  C r  f i l m s  c a n  be e x p la in e d  b y  a ssu m in g
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t h a t  t h i n  c h ro m iu ia  f i l m s  a re  made up  o f  v e r y  s m a l l  e l l i p s o i d a l  
p a r t i c l e s ,  each o f  th e s e  p a r t i c l e s  b e in g  s u r ro u n d e d  b y  a v e r y  
t h i n  l a y e r  o f  o x i d e .  I t  was s u g g e s te d  t h a t ,  as th e  t h i c k n e s s  
o f  th e  f i l m s  in c r e a s e d ,  th e  s m a l l  p a r t i c l e s  become o v e r l a i d  
w i t h  s u c c e s s iv e  l a y e r s  o f  p r o g r e s s i v e l y  l a r g e r  o x id e  c o a te d  
p a r t i c l e s  and a t  t h i c k n e s s e s  g r e a t e r  t h a n  a p p r o x im a t e ly  lOOA, 
th e  u p p e r  l a y e r s  a p p ro x im a te  t o  a c o n t in u o u s  s t r u c t u r e .
T h is  i d e a  seems t o  be c o n f i r m e d  b y  t h e  e l e c t r o n  m ic r o g r a p h  
o f  a Cr f i l m  sho^m i n  t h e  p r e v io u s  c h a p t e r .  A c c o r d in g  t o  
t h i s  c o n c e p t ,  th e  r e s i s t i v i t i e s  o f  C r  f i l m s  w o u ld  d e c re a s e  
w i t h  t h i c k n e s s  b u t  w o u ld  s t i l l  t e n d  i n  t h e  l i m i t  t o  a 
h i g h e r  v a lu e  t h a n  t h a t  o f  t h e  b u l k  m a t e r i a l .  H o w e ve r,  t h e  
e x p e r im e n t a l  c u r v e  shows a r i s e  i n  th e  r e s i s t i v i t y  a t  a f i l m  
t h i c k n e s s  o f  a p p r o x im a te ly  400A . The r i s e  c a n n o t  be 
e x p la in e d  b y  th e  c o n c e p t  o f  th e  s t r u c t u r e  d e s c r ib e d  b y  H i l l  
and "’^ e a v e r .  H o w e ve r, i t  c o u ld  be due t o  t h e  c r a c k s  o b s e rv e d  
i n  f i l m s  o f  t h i s  m e t a l .  I n  a f i l m  o f  a p p r o x im a t e ly  lOOA 
t h i c k  th e  m d t h  o f  t h e s e  c r a c k s  was a b o u t  30A and t h e i r  s i z e  
a n d , t h e r e f o r e ,  t h e i r  e f f e c t  on  th e  r e s i s t i v i t y  c o u ld  i n c r e a s e  
w i t h  f i l m  t h i c k n e s s .  T h e r e f o r e ,  t i r o  f a c t o r s  c o u ld  a f f e c t  
th e  r e s i s t i v i t y  o f  Cr f i l m s  ; f i r s t l y ,  th e  r e s i s t i v i t y  w o u ld  
be h i g h  due t o  th e  f i l m  s t r u c t u r e  b u t  w o u ld  d e c re a s e  v d t h  
i n c r e a s i n g  f i l m  t h i c k n e s s ,  an d , s e c o n d ly ,  th e  r e s i s t i v i t y  
I ' ^ u l d  i n c r e a s e  w i t h  th e  i n c r e a s i n g  s i z e  and num ber o f  c r a c k s
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i n  t h e  f i l m .  The c o m b in e d  e f f e c t  o f  th e s e  tw o  f a c t o r s  
c o u ld  g i v e  th e  r e s i s t i v i t y  v e r s u s  t h i c k n e s s  c u r v e  shovm i n  
F ig u r e  1 0 . 9 .
G roup 5
The v a r i a t i o n  o f  r e s i s t a n c e  m t h  t im e  f o r  f i l m s  
o f  th e  m e t a ls  Z n , Pb , Sn and Cd was s m a l l .  The d i f f e r e n c e  
i n  t h e  v a r i a t i o n  o f  r e s i s t a n c e  w i t h  t im e  f o r  f i l m s  o f  Zn and 
Cd can  b e s t  be e x p la in e d  b y  r e f e r e n c e  to  t h e  f i l m  s t r u c t u r e s  
o f  t h e s e  tw o m e t a l s .  Zn f i l m s ,  c o m p r i s in g  o f  l a r g e  r e g u l a r  
shaped  c r y s t a l s ,  show ed an i n i t i a l  d r o p  i n  r e s i s t a n c e  a f t e r  
w h ic h  t h e  r e s i s t a n c e  r o s e  s l i g h t l y .  The i n i t i a l  d ro p  c o u ld  
have  b e e n  due  t o  t h e  s lo w  a d s o r p t i o n  o f  gas  b y  th e  f i l m s  
w h ic h  t o o k  p la c e  f o r  some t im e  a f t e r  t h e i r  d e p o s i t i o n  and 
lo w e r e d  t h e  p o t e n t i a l  b a r r i e r s  b e tw e e n  t h e  c r y s t a l s .  The 
e n s u in g  r i s e  i n  r e s i s t a n c e  c o u l d  be e x p la in e d  b y  t h e  c o n t in u e d  
g r o w th  o f  an o x id e  l a y e r  a ro u n d  each  c r y s t a l .  E l e c t r o n  
d i f f r a c t i o n  h a s  i n d i c a t e d  t h e  p re s e n c e  o f  o x id e .  The 
r e s i s t a n c e  o f  Cd f i l m s  was f o u n d  t o  be m ore  s t a b le  t h a n  t h a t  
o f  Zn f i l m s  even th o u g h  t h e s e  f i l m s  w e re  s h o ra  t o  h a ve  a 
h i g h l y  a g g r e g a te d  s t r u c t u r e .  H o w e ve r,  th e  s t r u c t u r e  d i f f e r s  
f ro m  t h a t  o f  Zn f i l m s  i n  t h a t ,  i n s t e a d  o f  b e in g  b u i l t  up  o f  
l a r g e  s e p a r a te  c r y s t a l s ,  t h e  f i l m s  c o n s i s t e d  o f  i s l a n d s  o f  
a tom s o f  i r r e g u l a r  shape and s i z e  s e p a r a te d  b y  ^?^ûde c h a n n e ls
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and gas c o u ld  r e a d i l y  be a d s o rb e d  b y  t h i s  s t r u c t u r e .  As 
th e  t h i c k n e s s  o f  th e s e  f i l m s  in c r e a s e d ,  t h e  a g g re g a te s  
w o u ld  t e n d  t o  j o i n t  up  and th e  a d s o r p t i o n  o f  gas  w o u ld  
be s lo w e r .  T h is  w o u ld  a c c o u n t  f o r  t h e  o b s e r v a t i o n  o f  an 
i n i t i a l  d ro p  i n  r e s i s t a n c e  i n  t h i c k  Cd f i l m s  o n l y ,  inhere 
th e  a d s o r p t i o n  o f  gas  w o u ld  be r e l a t i v e l y  s lo w .  The 
a d s o r p t i o n  b y  t h i n  Cd f i l m s  may have  been  so r a p i d  t h a t  th e  
d e t e c t i o n  o f  t h e  c o r r e s p o n d in g  d ro p  i n  r e s i s t a n c e  was 
p r e v e n te d  b y  th e  t im e  la p s e  b e tw e e n  d e p o s i t i o n  and th e  f i r s t  
r e s i s t a n c e  m e a s u re m e n t.  A g a in ,  t h e  r i s e  i n  r e s i s t a n c e  i v i t h  
t im e  o b s e rv e d  i i ^ i th  t h i n  Cd f i lm . s  was p r o b a b l y  due t o  th e  
f o r m a t i o n  o f  an o x id e  l a y e r  on  t h e  s u r f a c e  o f  th e  a g g r e g a te s ,  
t h e  e f f e c t  o f  w h ic h  w o u ld  be more a p p a re n t  f o r  t h i n  f i l m s .
I t  was s h o r n  i n  t h e  p r e v io u s  c h a p te r  t h a t  t h e  p re s e n c e  o f  
o x id e  was o b s e rv e d  i n  Cd f i l m s .  The v a r i a t i o n  o f  r e s i s t a n c e  
■''^Ith t im e  f o r  f i l m s  o f  Pb and Sn, b e in g  s i m i l a r  t o  t h a t  o f  
Cd f i l m s ,  c o u ld  i n d i c a t e  t h a t  t h e i r  f i l m  s t r u c t u r e s  w e re  
a ls o  s i m i l a r  t o  t h a t  o f  Cd f i l m s .  Once a g a in ,  e l e c t r o n  
d i f f r a c t i o n  i n d i c a t e d  th e  p re s e n c e  o f  th e  o x i d e .
Group 4
The r e s i s t a n c e  m e a su re m en ts  made on  a lu m in iu m  
f i l m s  a p p e a r  t o  i n d i c a t e  t h a t  t h e y  have a c o n t in u o u s  s t r u c t u r e  
s in c e  th e  i n i t i a l  s p e c i f i c  r e s i s t i v i t i e s  c l o s e l y  f o l l o w  th o s e  
p r e d i c t e d  b y  F uchs^  t h e o r y .  T h is  t h e o r y  assumes t h a t  th e  
f i l m  i s  hom ogeneous and t h a t  t h e  o n l y  h in d r a n c e  t o  t h e  passage
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o f  th e  c o n d u c t io n  e l e c t r o n s  i s  due t o  t h e  f i l m  b o u n d a r ie s .  
These r e s i s t a n c e  m e a s u re m e n ts  a p p e a r  t o  v e r i f y  th e  e v id e n c e  
o b t a in e d  b y  e l e c t r o n  m ic r o s c o p y .  The r i s e  i n  r e s i s t a n c e  
m t h  t im e  o b s e rv e d  w i t h  th e s e  f i l m s  w o u ld  be due t o  t h e  
f o r m a t i o n  o f  an o x id e  l a y e r  on t h e  f i l m  s u r f a c e ,  t h e  e f f e c t  
o f  w h ic h  w o u ld  be m ore  a p p a re n t  i n  th e  case o f  t h i n  f i l m s .
The v a r i a t i o n  o f  r e s i s t a n c e  i v i t h  t im e  f o r  llln f i l m s  
showed tw o  d i s t i n c t  s t a g e s .  The i n i t i a l  r i s e  i n  r e s i s t a n c e  
w o u ld  be due t o  t h e  f o r m a t i o n  o f  an o x id e  l a y e r  o n  t h e  f i l m  
s u r f a c e .  H o w e ve r ,  th e  r i s e  i n  r e s i s t a n c e  a f t e r  150 h o u r s  
c o u ld  be due  t o  r e c r y s t a l l i s a t i o n  o f  t h e  f i l m .  T h is  was 
a ls o  s u g g e s te d  as t h e  r e a s o n  f o r  t h e  r u p t u r e  o f  th e  f o r m v a r  
s u b s t r a t e s  i n  t h e  p r e v io u s  c h a p t e r .  I t  was a ls o  n o te d  t h a t  
th e  r i s e  i n  r e s i s t a n c e  a t  150 h o u r s  c o i n c i d e d  T v ith  th e  r i s e  
i n  a d h e s io n  s h o r n  i n  F ig u r e  7 * 9 .  As e x p la in e d  p r e v i o u s l y ,  
r e c r y s t  a l l  i s  a t i  on  w o u ld  a l lo ^ ^  o x y g e n  f r o m  th e  a tm o s p h e re  t o  
e n t e r  t h e  f i l m  s t r u c t u r e  c a u s in g  th e  i n c r e a s e  i n  t h e  a d h e s io n
5 ,  C o n c lu s io n s
The r e s u l t s  o f  t h e  m e a s u re m e n ts  o f  t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  t h e  m e t a l  f i l m s  ha ve  s u b s t a n t i a t e d  f u r t h e r  
some o f  th e  s u g g e s t io n s  made e a r l i e r  as t o  th e  m e ch a n ism  o f  
a d h e s io n  and t h e  p a r t  p la y e d  b y  t h e  f i l m  s t r u c t u r e .
The i n i t i a l  d r o p  i n  r e s i s t a n c e  was o b s e r v e d  i n  a
num ber o f  f i l m s  w h ic h  h a d  an a g g re g a te d  s t r u c t u r e  and t h i s  
c o u ld  i n d i c a t e  t h a t  gas h a d  be en  a d s o rb e d  i n t o  th e  s t r u c t u r e .  
The a d s o r p t io n  o f  gas c o u ld  e x p l a i n  t h e  r a p i d  r i s e  i n  
a d h e s io n  fo u n d  w i t h  a num ber o f  c o p p e r  f i l m s .
The i n i t i a l  s p e c i f i c  r e s i s t i v i t i e s  o f  th e  f i l m s  
a g re e d  ’^^ I t h  t h e i r  s t r u c t u r e  i n f e r r e d  f ro m  e l e c t r o n  m ic r o s c o p y .  
The h i ^  r e s i s t i v i t i e s  o b s e rv e d  w i t h  i r o n  and c h ro m iu m  f i l m s  
a p p e a re d  t o  be due to  e i t h e r  g r a i n  b o u n d a r ie s  o r  o x id e  
p r e s e n t  i n  th e  s t r u c t u r e .  The p re s e n c e  o f  g r a i n  b o u n d a r ie s  
and o3d.de may a ls o  e x p l a i n  th e  h i g h  r e s i s t i v i t i e s  fo u n d  
w i t h  n i c k e l ,  m o lybdenum  and t i t a n i u m  f i l m s  th o u g h  th e  s m a l l  
f i l m  t h i c k n e s s e s  o f  th e s e  f i l m s  w o u ld  a c c o u n t  f o r  p a r t  o f  
t h e  d i s c r e p a n c y .
E l e c t r o n  m ic r o s c  opy  i n d i c a t e d  t h a t  th e  s t r u c t u r e  
o f  a lu m in iu m  f i l m s  was c o n t in u o u s ,  m t h  an absence  o f  g r a i n  
b o u n d a r ie s  and t h e  r e s i s t i v i t y  m e a su re m e n ts  on th e s e  f i l m s  
com pared  so  f a v o u r a b l y  w i t h  th e  t h e o r e t i c a l  v a lu e s  as t o  
s u g g e s t  t h a t  th e  f i l m s  w e re  hom ogeneous*
The v a r i a t i o n  o f  r e s i s t a n c e  id . t h  t im e  f o r  m anganese 
f i l m s  a p p e a re d  t o  s u p p o r t  th e  s u g g e s t io n  t h a t  r e c r y s t a l l i s a t i o r  
o f  t h e  f i l m  o c c u r r e d  a f t e r  d e p o s i t i o n  and th e  r i s e  i n  
r e s i s t a n c e  c o r r e s p o n d in g  t o  t h i s  r e c r y s t a l l i s a t i o n  c o i n c i d e d  
w i t h  th e  r i s e  i n  a d h e s io n .
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CHAPTER 11
PDEESIOH OP METAlj F ILM S TO OTHER MATERIALS
1 ,  I n t r o d u c t i o n
The a d h e s io n  o f  m e t a l  f i l m s  to  s u b s t r a t e  m a t e r i a l s  
o t h e r  th a n  s o d a  g la s s  has  been e x a m in e d .  F i lm s  o f  a num ber 
o f  m e t a ls  w e re  d e p o s i t e d  o n  f u s e d  s i l i c a ,  c r y s t a l  f a c e s  and 
p l a s t i c s ,  and t h e i r  a d h e s io n  was m e a s u re d  b y  t h e  a d h e s io n  
m e a s u r in g  a p p a r a tu s .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a re  
d e s c r ib e d  b e lo w .
2 • M e ta l  f i l m s  on s i l i c a
F i lm s  o f  t h e  m e t a ls  f ig ,  i t .  O r ,  Pe and Cu w e re  
d e p o s i t e d  b y  e v a p o r a t i o n  u n d e r  t h e  u s u a l  c o n d i t i o n s  o n  th e  
o p t i c a l l y  p o l i s h e d  s u r f a c e  o f  f u s e d  s i l i c a .  T h is  s u r f a c e  
was c le a n e d  i n  a s i m i l a r  m an ne r t o  t h a t  o f  s o d a  g l a s s ,  t h a t  
i s ,  w ashed  i^ d th  * T e e p o l^ ,  r i n s e d ,  d r i e d  and p o l i s h e d  w i t h  
le n s  c l e a n i n g  t i s s u e .  The s u r f a c e  was f i n a l l y  c le a n e d  b y  
a glow d is c h a r g e  i n  v a c u o .
The r e s u l t s  o f  t h i s  e x a m in a t io n  a re  shown i n  
F ig u r e  1 1 .1  w h e re  t h e  a d h e s io n  o f  th e  f i l m s  i s  g i v e n  b o t h  
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F i g u r e  1 1 . 1 .  V a r i a t i o n  o f  a d h e s i o n  w i t h  t i m e  f o r  m e t a l
f i l m s  o n  s i l i c a ^
1 5 5
2
and th e  c o r r e s p o n d in g  s h e a r in g  f o r c e  i n  d y n e s /c m . .  I t  c a n  
be seen  t h a t  t h e r e  i s  a v a r i a t i o n  i n  a d h e s io n  w i t h  t im e  and , 
i n  f a c t ,  th e  a d h e s io n  v a lu e s  and t h e  w a y  i n  w h ic h  t h e y  v a r y  
a re  i d e n t i c a l  t o  th e  r e s u l t s  o b t a in e d  w i t h  m e t a l  f i l m s  on  
soda  g l a s s .
I t  w o u ld  a p p e a r  t h a t  t h e  a d h e s io n  o f  m e ta l  f i l m s  
t o  s i l i c a  i s  due t o  a s i m i l a r  m ech an ism  t o  t h a t  v h i c h  c a u s e s  
t h e  a d h e s io n  o f  th e  f i l m s  t o  sod a  g l a s s .  T h a t  i s ,  th e  
a d h e s io n  o f  t h e s e  m e t a l  f i l m s  depends  u p o n  t h e  a f f i n i t y  o f  
t h e  m e t a l  f o r  o x y g e n  and  th e  s t r u c t u r e  o f  t h e  f i l m .  The 
h i g h  a d h e s io n s  o b s e r v e d  are p r o b a b l y  due  t o  t h e  f o r m a t i o n  
o f  an i n t e r m e d i a t e  o x id e  l a y e r  a t  th e  m e t a l - g l a s s  i n t e r f a c e .
The absence  o f  th e  l a r g e  l o o s e l y  b o u n d  a l k a l i  i o n s  p r e s e n t  
i n  sod.a g la s s  does  n o t  a p p e a r  t o  a f f e c t  th e  a d h e s io n .
3c M e ta l  f i l m s  on c r y s t a l  fa c e s
F i lm s  o f  t h e  m e t a ls  Ag, Cu, A u , A&, Z n , Cd and 
Cr w ere  d e p o s i t e d  on  f r e s h l y  c le a v e d  (1 0 0 )  fa c e s  o f  N a C i,
K B r and K O I.  These . s u r fa c e s  w e re  o n l y  c le a n e d  b y  a g lo w  
d is c h a r g e  i n  v a c u o  p r i o r  t o  t h e  d e p o s i t i o n  o f  t h e  f i l m s .
The a d h e s io n  o f  m e ta l  f i l m s  o n  th e s e  c r y s t a l  
fa c e s  d i d  n o t  v a r y  m t h  t im e  and t h e  r e s u l t s  a re  t a b u l a t e d  
i n  T a b le  1 1 . 1 .  Co lum ns 2 ( a , b , c )  and 3 ( a , b , c )  show th e  
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s h e a r in g  f o r c e  r e s p e c t i v e l y .  The v a n  d e r  '" 'aa ls^ a d h e s iv e  
e n e rg y  b e tw e e n  t h e  f i l m s  and th e  s u r f a c e s ,  c a l c u l a t e d  as 
d e s c r ib e d  i n  C h a p te r  2 ,  a re  s h o m  i n  Co lum n 4 ( a , b , c ) *
The r e l a t i o n s h i p  b e tw e e n  th e  s h e a r in g  f o r c e ,  P , 
and th e  e n e r g y ,  S , b i n d i n g  a m e t a l  f i l m  t o  a s u b s t r a t e  
s u r f a c e  was g i v e n  i n  C h a p te r  6 as
E = -g-Fxx^x^
w h e re  x  i s  t h e  d i s t a n c e  b e tw e e n  two a d ja c e n t  e q u i l i b r i u m
p o s i t i o n s  i n  t h e  s u b s t r a t e  s u r f a c e  and x ^  and Xg a re  t h e
l a t t i c e  d im e n s io n s  i n  t h e  m e ta l  f i l m .  . T a k in g  th e  v a lu e s
f o r  a c o p p e r  f i l m  o n  t h e  (1 0 0 )  f a c e  o f  NaC^- as an e x a m p le ,
S i s  3 . 4  K . c a l . / m o l e ,  x  i s  2 .8 2 A ,  and b o th  x ^  and x ^  a re
2 .5 5 A .  S u b s t i t u t i n g  th e s e  v a lu e s  i n  t h e  above e q u a t i o n ,
th e  v a lu e  f o r  th e  s h e a r in g  f o r c e ,  F ,  i s  f o u n d  t o  be 
10 21«7 X 10 dyne  s / c m . F rom  T a b le  1 1 .1  i t  c a n  be seen t h a t
th e  e x p e r im e n t a l  v a lu e  f o r  F i s  9 . 0  x  10® d y n e s /c m ?  w h ic h  
i s  an o r d e r  o f  m a g n i tu d e  l o w e r . H o w e ve r ,  t h i s  d i s c r e p a n c y  
i s  t o  be e x p e c te d  s in c e  th e  e q u a t i o n
E = ^ F x x ^ X g
g iv e s  t h e  maximum v a lu e  o f  F .
The v a lu e s  o f  x ,  x ^  and x  a re  v e r y  s i m i l a r  f o r
3
e a ch  m e t a l - s u b s t r a t e  p a i r  e xa m in e d  and t h e r e f o r e  th e  above
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e q u a t io n  co u ld ,  be w r i t t e n  as
E c o n s ta n t  . P
F ig u r e  1 1 .2  shows th e  e x p e r im e n ta l  v a lu e s  o f  F p l o t t e d  
a g a in s t  th e  v a n  d e r  •"■aals^ a d h e s iv e  e n e rg y  and i t  c a n  be 
seen t h a t  t h e r e  i s  a l i n e a r  r e l a t i o n s h i p  b e tw e e n  F and E«
I t  w o u ld  a p p e a r  t h a t  th e  a d h e s io n  o f  m e ta l  f i l m s  
t o  c r y s t a l  fa c e s  i s  due t o  v a n  d e r  ^"^aals* f o r c e s  a lo n e  and 
t h e r e  i s  no e v id e n c e  o f  a c h e m ic a l  r e a c t i o n  b e tw e e n  th e  
m e ta l  f i l m s  and th e  c r y s t a l  s u r f a c e s .
4* M e ta l  f i l m s  on p l a s t i c s
The p l a s t i c s  s e l e c t e d  f o r  t h i s  e x a m in a t io n  w e re  
P e rs p e x ,  P o l y s t y r e n e ,  C ,R . 39 ( c o lu m b ia  r e s i n ) ,  and 
X y l o n i t e  ( c e l l u l o i d ) .  S h e e ts  o f  th e s e  m a t e r i a l s  w e re  
e xa m in e d  c l o s e l y  and s u b s t r a t e s  o f  s u i t a b l e  shape and s i z e  
were c u t  f ro m  a re a s  r e l a t i v e l y  u n m a rre d  b y  s c r a t c h e s  and 
o th e r  d e f e c t s .  These s u b s t r a t e s  w ere  th e n  c le a n e d ,  i n  
th e  same m anner as g l a s s ,  and s u b je c te d  t o  a g lo w  d is c h a r g e  
i n  v a c u o .  A p a r t  f r o m  c l e a n in g  th e  s u r f a c e  t h i s  g lo w  
d is c h a r g e  d i d  n o t  seem t o  a f f e c t  th e  p l a s t i c s  s in c e  t h e r e  
was no s ig n  o f  d i s c o l o r a t i o n  o r  w a r p in g  due t o  o v e r h e a t i n g .
The r e s u l t s  o f  the  a d h e s io n  m ea su re m en ts  on m e ta l  
f i l m s  d e p o s i t e d  on t h e  above s u b s t r a t e s  a re  sho^m i n  
T a b le  1 1 ,2 .  Ho v a r i a t i o n  i n  a d h e s io n  w i t h  t im e  was o b s e rv e d
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A d h e s i v e  B n e r g y  E K , c a l , / n o i e  
F i g u r e  1 1 . 2 .  S h e a r i n g  f o r c e  r e q u i r e d  t o  r e m o v e  
m e t a l  f i l m s  f r o m  t h e  ( lO O )  f a c e s  o f  a  n u m b e r  o f  
c r y s t a l s  a g a i n s t  t h e  v a n  d e r  W a a ls  * a d h e s i v e
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i^ r lth  th e se  f i l m s .  I t  was fo u n d  t h a t  s i l v e r  h a d  a v e r y
s t r o n g  a d h e s io n  t o  a l l  t h e  p l a s t i c  s u r f a c e s ,  i n  f a c t ,  s i l v e r
f i l m s  w ere  n o n -re m o v  a b le  f ro m  C .R . 39 end X y l o n i t e ,  t h e
v a lu e s  o f  P b e in g  i n  e f f e c t  th e  s t r e n g t h  o f  th e  s u b s t r a t e s .
On t h e  o t h e r  h a n d ,  ch ro m iu m  f i l m s  c o u ld  be rem o ved  e a s i l y
f ro m  th e  s u r fa c e  o f  t h e  p l a s t i c s .  T h is  r e s u l t  i s  a d i r e c t
64c o n t r a d i c t i o n  o f  th e  s ta te m e n t  b y  H o l la n d  t h a t   ^ o xyg en  
a c t i v e  m e ta ls  t e n d  t o  have th e  g r e a t e s t  a d h e s io n  t o  p l a s t i c s ^  .
The v e r y  h ig h  a d h e s io n  o f  s i l v e r  c a n n o t  be
e x p la in e d  i n  te rm s  o f  van  d e r  ' '^aa ls  ' f o r c e s  and i s  p r o b a b ly
due to  a c h e m ic a l  r e a c t i o n  bet^^reen th e  f i l m  and th e  p l a s t i c
s u r f a c e .  S i l v e r  i s  known to  r e a c t  w i t h  o r g a n ic  s u b s ta n c e s ,
f o r  e x a m p le ,  t h e r e  i s  a r e a c t i o n  b e tw e e n  a c e ty le n e
and s i l v e r  g i v i n g  s i l v e r  a c e t y l i d e  (C ^â g  ) .  Ho-^^ever, one
can  o n l y  t e n t a t i v e l y  s u g g e s t  t h e  p o s s ib le  r e a c t i o n  b e tw e e n
a s i l v e r  f i l m  and t h e  p l a s t i c  s u r f a c e s ,  th e  s im p le s t
fu n d a m e n ta l  u n i t s  o f  w h ic h  a re  sho^^n i n  F ig u r e s  1 1 .3  and
1 1 . 4 .  P o ly s t y r e n e  ha s  th e  s im p le s t  s t r u c t u r e  and i t
m ig h t  be p o s s ib le  f o r  a s i l v e r  atom to  r e p la c e  th e  h y d ro g e n
atom i n  th e  p l a s t i c  s u r f a c e  e s p e c i a l l y  s in c e  t h i s  h y d ro g e n
atom c o u ld  be i n  a r e a c t i v e  s t a t e  due t o  th e  p re s e n c e  o f
the  benzene  r i n g .  I n  th e  case o f  P e rs p e x ,  s i l v e r  c o u ld
r e a c t  - d t h  t h e  COOCH„ g ro u p  and d i s p la c e  th e  OH r a d i c a l .«3 3
The m ost l i k e l y  s i t e s  f o r  r e a c t i o n  b e tw e e n  s i l v e r  and th e  




-  C -  CH,
I
P e rs p e x  ( m e th y l  m e t h a c r y l a t e ) -  p o l y e s t e r
— C  — C H g
I ^
COO.R
R I s  an a l k y l  o r  a r y l  r a d i c a l  s u c h  as CH^.
F ig u r e  1 1 . 3 .  The s im p le s t  fu n d a m e n ta l  u n i t s
i n  p l a s t i c  m a t e r i a l s .
Xylonite (celluloid)
CH -  0 
/  \
CH CH -  0
\  /
CH -  CH
I I
Rtî RltT
R * , R** and R '^* r e p r e s e n t  OH g ro u p s  i n  c e l l u l o s e  
l i i c h  a re  p a r t i a l l y  o r  f u l l y  r e p la c e d  b y  -  G.NG^ g r o u p s .
C .R .  39 ( c o lu m b ia  r e s i n )  -  p o l y e s t e r  r e s i n
-  R.CH_ -  CH -  -R .C H ^ -  CH -  -  R.CH -  CH -
2 1 ^ I I
R» -R .CH -  C -  R»
I I
— R.CH^ — CH — — R.CH — CH —
( 1 )  ( 2 )  ( 3 )
RCH^(CH«), R C H : ( C * ) ,  o r  R (C H * ) (C H * )  r e p r e s e n t  p a r t  o f  a 
l i n e a r  o r  b ra n c h e d  c h a in  and R* i s  a c o m p le x  d i v a l e n t  g r o u p .
F ig u r e  1 1 . 4 .  The s im p le s t  fu n d a m e n ta l  u n i t s
i n  p l a s t i c  m a t e r i a l s .
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th e s e  r e p r e s e n t  OH g ro u p s  i n  c e l l u l o s e  w h ic h  a re  p a r t i a l l y  
o r  f u l l y  r e p la c e d  b y  -  O.NO^ g ro u p s  t o  g iv e  th e  
n i t r o - c e l l u l o s e  s t r u c t u r e .  C .R . 39 i s  a p o l y e s t e r  r e s i n  
and can  h a ve  t h r e e  p o s s ib le  fu n d a m e n ta l  u n i t s  and i t  i s  
d i f f i c u l t  t o  say  w i t h  w h ic h  p a r t  o f  th e  s t r u c t u r e  th e  s i l v e r  
w o u ld  r e a c t .
T h o u ^ .  t h e  a d h e s io n  o f  Cu, Zn and kI  f i l m s  was 
n o t  so h i g h  as t h a t  o f  Ag, t h e i r  a d h e s io n  was s t i l l  somewhat 
g r e a t e r  t h a n  t h a t  o f  c h ro m iu m . H o w e v e r ,  Cu, Zn and hi  f i l m s  
c o u ld  a ls o  have  r e a c t e d  t o  some e x t e n t  i n t h  th e  p l a s t i c  
s u r f a c e s  s in c e  th e s e  m e ta ls  c a n  fo rm  o r  g ano -me t  a l l  i  c com pounds . 
I t  i s  v e r y  u n l i k e l y  t h a t  c h ro m iu m  w o u ld  r e a c t  w i t h  th e  p l a s t i c  
s u r f a c e s  and th e  ch ro m iu m  f i l m s  w e re  p r o b a b l y  bound  to  th e  
s u r f a c e s  b y  v a n  d e r  ' " a a ls ^  f o r c e s .  T h is  ^""ould a c c o u n t  f o r  
th e  p o o r  a d h e s io n  o b s e rv e d  w i t h  th e s e  f i l m s .  The s h e a r in g  
f o r c e  r e q u i r e d  t o  rem o ve  ch ro m iu m  f i l m s  f r o m  p l a s t i c  s u r f a c e s  
^ r^as th e  same as t h a t  r e q u i r e d  t o  rem ove  f r o m  c r y s t a l  fa c e s  
th e  f i l m s  w h ic h  h a v e  b e e n  shown t o  be bound  b y  v a n  d e r  '7 a a ls   ^
f o r c e s .
Though th e  a c t u a l  m e ch a n ism  o f  th e  a d h e s io n  o f  m e ta l  
f i l m s  on  p l a s t i c  s u r f a c e s  i s  r a t h e r  v a g u e ,  i t  i s  f a i r l y  c e r t a i n  
t h a t  t h e r e  i s ,  i n  a num ber o f  c a s e s ,  a c h e m ic a l  r e a c t i o n  
b e tw e e n  t h e  m e ta l  f i l m s  and th e  p l a s t i c  s u r f a c e s .  The m o s t
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r e a c t i v e  o f  th e s e  m e ta ls  a p p e a rs  t o  be s i l v e r .  On th e  o t h e r  
h a n d ,  ch rom ium  f i l m s  a re  a p p a r e n t l y  bound  t o  th e  s u r fa c e s  b y  




I t  shown i n  C h a p te r  1 t h a t  t h e r e  was no
s u i t a b l e  m e th o d  o f  m e a s u r in g  th e  a b s o lu te  v a lu e  o f  th e  
a d h e s io n  b e tw e e n  a t h i n  f i l m  and th e  s u r f a c e  u p o n  w h ic h  
i t  was d e p o s i t e d ,  p a r t i c u l a r l y  i f  th e  f i l m s  we re  o f  t h e  
o r d e r  o f  100 -  2000A t h i c k  and t h e r e  was s t r o n g  a d h e s io n  
b e tw e e n  t h e  two m e d ia .  H o w e ve r, t h e r e  w e re  a num ber o f  
m e th o d s  a v a i l a b l e  f o r  a c o m p a r a t iv e  m ea su re  o f  a d h e s io n  
o f  w h ic h  t h e  o n l y  s u i t a b l e  one a p p e a re d  t o  be t h a t  
d e s c r ib e d  b y  H e a v e n s ^ ^ .  I n  t h i s  m e th o d  a lo a d e d  s t e e l  
p o i n t  o f  sm oo th  c o n t o u r  was dra-^n a c ro s s  t h e  f i l m  s u r fa c e  
and th e  lo a d  r e q u i r e d  t o  rem ove t h e  f i l m  c o m p le t e l y  f r o m  
t h e  s u r f a c e  was t a k e n  as a r e l a t i v e  m e a su re  o f  t h e  a d h e s io n  
Heavens gave no a n a l y s i s  o f  t h i s  m e th o d  and t h e r e  was some 
d o u b t  as to  ■'^hat ™'as a c t u a l l y  m e a s u re d  b y  th e  lo a d  o n  th e  
p o i n t .  T h e r e f o r e ,  b e f o r e  t h i s  m e th o d  was u s e d  i n  th e  
p r e s e n t  i n v e s t i g a t i o n ,  a c o m p le te  s t u d y  o f  t h e  m e th o d  was 
made. I t  was shoi^n e x p e r im e n t  a l l y  t h a t  th e  lo a d  r e q u i r e d  
t o  rem ove t h e  f i l m  f r o m  a s u r f a c e  was r e l a t e d  t o  th e  n a t u r e  
o f  th e  i n t e r f a c e  b e tw e e n  t h e  ti^o m e d ia  b u t  was in d e p e n d e n t  
o f  o t h e r  f a c t o r s  such  as f i l m ,  t h i c k n e s s ,  th e  h a rd n e s s  o f
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t h e  f i l m  m a t e r i a l  and th e  f o r m a t i o n  o f  a p r o t e c t i v e  c o a t i n g  
on th e  f i l m  s u r f a c e .  The m echan ism  o f  th e  m e th o d  o f  
m e a s u r in g  a d h e s io n  was a ls o  e x a m in e d  t h e o r e t i c a l l y  and i t  
was f o u n d  t h a t  an a b s o lu t e  v a lu e  o f  t h e  a d h e s io n ,  o r  th e  
s h e a r in g  f o r c e  r e q u i r e d  to  rem o ve  t h e  f i l m ,  c o u ld  be 
c a l c u l a t e d  f r o m  th e  l o a d  on t h e  p o i n t ,  t h e  r a d iu s  o f  th e  
p o i n t ,  and t h e  i n d e n t a t i o n  h a rd n e s s  o f  th e  s u b s t r a t e  m a t e r i a l .
T h is  m e th o d  gave r e p r o d u c i b l e  r e s u l t s  and p ro v e d  
t o  be v e r y  s a t i s f a c t o r y .  A c o m p a r a t iv e  m ea su re  o f  t h e  
a d h e s io n  c o u ld  be o b t a in e d  f o r  f i l m s  o n  th e  same s u b s t r a t e  
b y  s im p ly  c o m p a r in g  t h e  lo a d s  r e q u i r e d  t o  rem ove  th e  f i l m s .
On th e  o t h e r  h a n d ,  t h e  a d h e s io n  o f  f i l m s  o n  d i f f e r e n t  
s u b s t r a t e s  c o u ld  be co m p a re d  b y  u s e  o f  t h e  c a l i b r a t i o n  
c u r v e s  c a l c u l a t e d  f o r  t h e  a p p a r a t u s .  F u r th e r m o r e ,  a m d e  
ra n g e  o f  a d h e s io n s  c o u ld  be m e a su re d  and th e  m e a su re m e n t o f  
h i g h  a d h e s io n s  was o n l y  l i m i t e d  b y  th e  s t r e n g t h  o f  th e  
s u b s t r a t e  m a t e r i a l .
U s in g  t h e  m e th o d  d e s c r ib e d  b y  R h o d in ^ ,  t h e  
e x p e r im e n ta l  v a lu e s  f o r  th e  h e a t  o f  c o n d e n s a t io n  o b t a in e d  
i n  C h a p te r  2 f o r  t h e  m e ta ls  s i l v e r ,  a lu m in iu m ,  and cadm ium 
on so d a  g la s s  a p p e a re d  t o  i n d i c a t e  t h a t  th e  im p in g in g  m e t a l  
atoms w e re ,  i n  th e s e  c a s e s ,  i n i t i a l l y  b o u n d  to  t h e  s u r f a c e  
b y  van  d e r  ""-aals^ f o r c e s .  T h is  was i n  a g re e m e n t w i t h  th e  
p o o r  i n i t i a l  a d h e s io n  o b s e rv e d  m t h  th e s e  f i l m s ,  t h e  s h e a r in g
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f o r c e  r e q u i r e d  t o  rem ove th e  f i l m s  b e in g  a p p r o x im a te ly  
10 X  10^ d y n e s /c m ?  H o w e v e r ,  f i l m s  o f  m any m e t a ls  showed 
a much g r e a t e r  a d h e s io n  and c ra c ld .n g  o f  th e  g la s s  s u b s t r a t e  
o c c u r r e d  b e f o r e  t h e  f i l m s  c o u ld  be re m o v e d . T h is  ha pp e n e d  
a t  lo a d s  o f  t h e  o r d e r  o f  500 gram s i n d i c a t i n g  t h a t  th e  
s h e a r in g  f o r c e s  r e q u i r e d  t o  rem ove t h e  f i l m s  w e re  g r e a t e r  
th a n  300 X 10® d y n e s /c m ?  A d h e s io n s  o f  t h i s  o r d e r  c a n n o t  
be e x p la in e d  i n  te rm s  o f  v a n  d e r  ‘" "a a ls *  f o r c e s .  F u r t h e r m o r e ,  
e ve n  w h e re  t h e  i n i t i a l  a d h e s io n  was p o o r ,  t h e r e  was o f t e n  
an i n c r e a s e  i n  a d h e s io n  v d t h  t im e  v rh ic h ,  t o g e t h e r  m t h  th e  
w id e  ra n g e  o f  adhe s i  on v  a lu e  s , w o u ld  s u g g e s t  t h a t  c h e m ic a l  
bonds w e re  fo rm e d  a t  t h e  m e t a l - g l a s s  i  n t  e r  f  ac e .
12’"^eyl has  s u g g e s te d  i n  many cases  t h a t  th e  
a d h e s io n  o f  m e ta l  f i l m s  t o  g la s s  c o u ld  be s t r o n g  i f  t h e r e  
was a c o n t i n u a t i o n  o f  th e  g la s s  s t r u c t u r e  w h ic h  c o u ld  be 
i n  th e  fo rm  o f  an i n t e r m e d i a t e  o ic id e  l a y e r .  B a te son ^"^  
p roposed, t h a t  th e  o x id e  m ig h t  be fo rm e d  b y  t h e  r e a c t i o n  o f  
th e  im p in g in g  m e t a l  atoms w i t h  th e  OH g ro u p s  p r e s e n t  on 
t h e  g la s s  s u r f a c e .  The a d h e s io n  r e s u l t s  sho-'m i n  C h a p te r  7 
do i n d i c a t e  t h a t ,  i n  g e n e r a l ,  th e  o xyg en  a c t i v e  m e ta ls  have  
a h ig h  a d h e s io n  t o  g l a s s .  H o w e ve r ,  t h e  o xyg e n  p r e s e n t  i n  
t h e s e  CH g ro u p s  on t h e  s u r f a c e  i s  l i m i t e d  and i t  i s  d o u b t f u l  
w h e th e r  a c o m p le te  o x id e  bond  w o u ld  be fo rm e d  b e tw e e n  th e  
m n ta l  a tom s and th e  g la s s  s u r f a c e  and t h i s  r e a c t i o n  w o u ld  
c e r t a i n l y  n o t  a c c o u n t  f o r  t h e  t h i c k  i n t e r m e d i a t e  o x id e  l a y e r s
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o b s e rv e d  b y  S t s h l  . The f i l m s  i n  th e  p r e s e n t  i n v e s t i g a t i o n
w e re  d e p o s ite d  a t f a i r l y  f a s t  r a t e s  a t  a p re s s u re  o f
— 5a p p r o x im a te ly  10*“ mm. Hg i n  a r e s id u a l  a tm o sp h e re  o f  a i r  
and u n d e r th e s e  c o n d i t io n s  th e  r a t i o  o f  o x y g e n  m o le c u le s  
to  m et a l  atom s s t r i k i n g  a s q u a re  c e n t im e t  e r  o f  th e  s u b s t r a te  
s u r fa c e  p e r  se co n d  was o f  th e  o r d e r  o f  10 t o  1 .  I t  was 
s u g g e s te d  t h a t  th e s e  im p in g in g  oxygen  m o le c u le s  w o u ld  
a s s is t  i n  th e  f o r m a t io n  o f  a c o m p le te  o x id e  bond  b e tw e e n  
th e  m e ta l f i l m  and th e  g la s s  s u r fa c e  and th e  g ro w th  o f  
an  i  n t  e r  me d i a t e o x id e  la y e r  a t  th e  i n t e r f a c e .  The a d h e s io n  
r e s u l t s  on  f i lm s  d e p o s ite d  i n  v a r io u s  a tm o s p h e re s  and a t 
v a r io u s  p re s s u re s  d e s c r ib e d  i n  C h a p te r  8 w e re  i n  a c c o rd a n c e  
w i t h  t h i s  s u g g e s t io n .  I t  was fo u n d  t h a t  f i lm s  o f  o x y g e n  
a c t iv e  m e ta ls  d e p o s ite d  i n  an o x y g e n  f r e e  a tm o sp h e re  had  
a v e r y  p o o r  a d h e s io n  t o  g la s s .  H o w e ve r, TJ'h.en th e  f i lm s  
w ere  d e p o s i te d  i n  an e x c e s s iv e  a tm o s p h e re  o f  o xyg e n  even  
th e  i n i t i a l  a d h e s io n  was h ig h  and th e  f i l m s  c o u ld  n o t  be 
rem oved  f ro m  th e  s u r fa c e  im m e d ia te ly  a f t e r  d e p o s i t io n .  
T h e r e fo r e ,  i t  a p p e a re d  t h a t  th e  in te r m e d ia te  o x id e  la y e r  
was fo rm e d  d u r in g  d e p o s i t io n  o f  th e  f i l m s .
I t  was s h o -n  i n  C h a p te r  7 t h a t  a num ber o f  m e ta l 
f i I n s  e x h ib i t e d  a g e in g  e f f e c t s .  The a d h e s io n  o f  th e  f i lm s  
was i n i t i a l l y  p o o r  b u t  in c r e a s e d  i? n th  t im e  and , i n  some 
c a s e s , became n o n -re m o v a b le  f r o m  th e  g la s s  s u r f a c e .  The 
way i n  w h ic h  th e  a d h e s io n  in c r e a s e d  a p p e a re d  to  in d i c a t e
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t h a t  a d i f f u s i o n  p r o c e s s  was t a k i n g  p l a c e ,  t h e  p ro c e s s  b e in g  
one w h ic h  p ro m o te d  t h e  g r o w th  o f  th e  i n t e r m e d i a t e  o x id e  
l a y e r  so t h a t  th e  f i l m  h a d  i t s  maximum a d h e s io n  when th e  
g ro w th  o f  th e  l a y e r  was c o m p le te .  The g ro w th  o f  th e  l a y e r  
w o u ld ,  o f  c o u r s e ,  be d e p e n d e n t  u p o n  o xyg e n  r e a c h in g  th e  
m e t a l - g l a s s  i n t e r f a c e  and t h i s  o x y g e n  c o u ld  come f r o m  gas 
t r a p p e d  ^ n t h i n  t h e  f i l m  s t r u c t u r e  d u r i n g  d e p o s i t i o n  o r  f r o m  
th e  a tm o s p h e re  a f t e r  d e p o s i t i o n .  The d i f f u s i o n  o f  th e  
gas t o  th e  i n t e r f a c e  w o u ld  be d e p e n d e n t  u p o n  t h e  s t r u c t u r e  
o f  t h e  f i l m  s in c e  i t s  p e r m e a b i l i t y  w o u ld  c o n t r o l  t h e  amount 
and r a t e  o f  gas r e a c h in g  th e  i n t e r f a c e .  E x a m in a t io n  o f  
t h e  f i l m  s t r u c t u r e  b y  e l e c t r o n  m ic r o s  c o p y ,  s u p p o r te d  b y  
t h e  r e s u l t s  o f  e l e c t r i c a l  m e a su re m e n ts  on  th e  f i l m s ,  has 
sho^^n t h a t  th e  a d h e s io n  o f  m e t a l  f i l m s  does de pend  to  a 
l a r g e  e x t e n t  u p o n  th e  f i l m  s t r u c t u r e .
E l e c t r o n  m ic r o s c o p y  showed t h a t  f i l m s  o f  g o ld ,  
s i l v e r  and c o p p e r  h a d  an open a g g re g a te d  s t r u c t u r e  and th e  
e l e c t r i c a l  m e a su re m e n ts  o n  t h e s e  f i l m s  a p p e a r e d . to  s u p p o r t  
th e  s u g g e s t io n  o f  M o s to v e tc h  and Vodar®® t h a t  gas was 
a d s o rb e d  b y  t h i s  t y p e  o f  s t r u c t u r e  a f t e r  d e p o s i t i o n .  The 
a d h e s io n  o f  g o ld  f i l m s  was n o t  a f f e c t e d  b y  t h i s  a d s o r p t i o n  
s in c e  t h e r e  w o u ld  n o t  be an y  r e a c t i o n  a t  t h e  m e t a l - g l a s s  
i n t e r f a c e  b e tw e e n  th e  m e ta l  and th e  o xyg e n  p r e s e n t  i n  th e  
a d s o rb e d  gas th o u g h  th e  s l i g h t  i n c r e a s e  i n  a d h e s io n  w i t h
t im e  o b s e rv e d  f o r  s i l v e r  f i l m s  c o u ld  i n d i c a t e  t h a t  a weak 
o x id e  b o n d  was fo rm e d  w i t h  t h e  g la s s  s u r f a c e .  H o w e ve r ,  
t h e  s h e a r in g  f o r c e  o f  10 x  10® d y n e s /c m ?  r e q u i r e d  t o  rem ove 
th e s e  f i l m s  s u g g e s te d  t h a t  t h e y  w e re  b o u n d  t o  th e  s u r f a c e  
b y  v a n  d e r  """aa ls* f o r c e s .  On th e  o t h e r  h a n d ,  c o p p e r  fo rm s  
a f a i r l y  s t r o n g  o x id e  and a r e a c t i o n  b e tw e e n  th e  m e t a l  and 
th e  o xyg e n  p r e s e n t  i n  t h e  a d s o rb e d  gas w o u ld  a c c o u n t  f o r  
t h e  r a p i d  r i s e  i n  a d h e s io n  w i t h  t im e  t o  a v a lu e  o f
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60 X 10 d y n e s /c m .  v h i c h  was much g r e a t e r  t h a n  t h a t  f o r  
s i l v e r  and g o l d .
The s lo w e r  i n c r e a s e  i n  a d h e s io n  w i t h  t im e  
o b s e r v e d ,  f o r  e x a m p le ,  w i t h  i r o n  and n i c k e l  f i l m s  a p p e a re d  
t o  be due t o  t h e i r  c o n t in u o u s  f i l m  s t r u c t u r e ,  t h e  d i f f u s i o n  
o f  g a s ,  e i t h e r  t r a p p e d  w i t h i n  th e  s t r u c t u r e  o r  f r o m  t h e  
a tm o s p h e re ,  b e in g  a lo n g  th e  g r a i n  b o u n d a r ie s  o b s e rv e d  i n  
th e s e  f i l m s .  I r o n  f i l m s  d e p o s i t e d  i n  a r e s i d u a l  gas  o f  
h y d ro g e n  h a d  a lo w  i n i t i a l  a d h e s io n  b u t  t h e r e  was a s te a d y  
in c r e a s e  w i t h  t im e .  S in c e  t h e r e  w o u ld  be v e r y  l i t t l e  
o x y g e n  i n  t h e  gas t r a p p e d  m t h i n  th e  s t r u c t u r e  d u r i n g  
d e p o s i t i o n ,  t h e  in c r e a s e  i n  a d h e s io n  w o u ld  seem t o  be 
c a u s e d  b y  d i f f u s i o n  o f  gas  f r o m  th e  a tm o s p h e re  a lo n g  th e  
g r a i n  b o u n d a r ie s .  On t h e  o t h e r  h a n d ,  a lu m in iu m  and 
ch ro m iu m  f i l m s  d e p o s i t e d  i n  a r e s i d u a l  gas o f  h y d ro g e n  
and a rg o n  r e s p e c t i v e l y  had  a p o o r  a d h e s io n  w h ic h  d i d  n o t
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i n c r e a s e  ^ v i th  t im e .  A g a in  v e r y  l i t t l e  o xyg e n  w o u ld  be 
t r a p p e d  ^ - n th in  th e  f i l m  s t r u c t u r e  d u r in g  d e p o s i t i o n  and 
s in c e  b o t h  th e s e  m e ta ls  ^^'rould fo rm  p r o t e c t i v e  c o a t in g s  on 
t h e i r  s u r fa c e s  i t  i s  d o u b t f u l  w h e th e r  any gas f r o m  th e  
a tm o sp h e re  w o u ld  be a b le  t o  e n t e r  t h e  f i l m  s t r u c t u r e  a f t e r  
d e p o s i t i o n .  Thus no o x id e  l a y e r  - -u u ld  be fo rm e d  a t  t h e  
m e t a l - g l a s s  i n t e r f a c e  and t h i s  w o u ld  a c c o u n t  f o r  th e  p o o r  
a d h e s io n .  H o w e ve r,  a lu m in iu m  and ch rom ium  f i l m s  d e p o s i t e d  
a t  1 0 “  mm. Hg r i t h  a r e s i d u a l  gas o f  a i r  sho^'^ed an in c r e a s e  
i n  a d h e s io n  ^ ^ i th  t i m e ;  i n  th e  case  o f  ch ro m iu m  th e  f i l m s  
soon  became n o n - r e m o v a b le .  The r a t e  o f  f i l m  f o r m a t io n  
f o r  ch rom ium  was s lo w  and t h i s  w o u ld  a l l o w  a h ig h  i n i t i a l  
a d h e s io n  and a l a r g e  amount o f  gas t o  be t r a p p e d  t h i n  
t h e  s t r u c t u r e .  E ven i f  th e  f o r m a t i o n  o f  a p r o t e c t i v e  
c o a t i n g  on th e  f i l m  s u r f a c e  p r e v e n te d  gas  f r o m  t h e  a tm o s ­
p h e re  e n t e r i n g  th e  s t r u c t u r e ,  t h e r e  w o u ld  p r o b a b l y  be 
enough gas co n t a i  n i  ng  o x y g e n  t r a p p e d  i ^ d t h in  th e  s t r u c t u r e  
to  c o m p le te  th e  f o r m a t i o n  o f  th e  i n t e r m e d ia t e  o x id e  l a y e r .  
R a p id  d i f f u s i o n  o f  t h i s  gas t o  t h e  m e t a l - g l a s s  i n t e r f a c e  
c o u ld  a g a in  be a lo n g  g r a i n  b o u n d a r ie s .  On th e  o t h e r  h a n d ,  
a lu m in iu m  f i l m s  w e re  fo rm e d  r a p i d l y  p r e v e n t i n g  t h e  
f o r m a t i o n  o f  an o x id e  b o n d  t o  th e  g la s s  s u r f a c e  and a l l o w in g  
o n l y  a v e r y  l i t t l e  gas t o  be t r a p p e d  ■’^ i t h i n  th e  s t r u c t u r e .  
T h is  w o u ld  a c c o u n t  f o r  t h e  p o o r  i n i t i a l  a d h e s io n  and , s in c e
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no gas f r o m  t h e  a tm o s p h e re  w o u ld  p e n e t r a t e  t h e  p r o t e c t i v e  
c o a t i n g ,  t h e  g r o v d h  o f  t h e  I n t e r m e d ia t e  o x id e  l a y e r  w o u ld  
he l i m i t e d  and t h e  c o r r e s p o n d in g  i n c r e a s e  i n  a d h e s io n  w i t h  
t im e  w o u ld  be s m a l l . The e l e c t r i c a l  m e a s u re m e n ts  on  
c h ro m iu m  f i l m s  a p p e a r  to  i n d i c a t e  t h e  p re s e n c e  o f  o x id e  
m t h i n  t h e  f i l m  s t r u c t u r e  w h e re a s  th o s e  on a lu m in iu m  f i l m s  
i n d i c a t e  a hom ogeneous s t r u c t u r e  d e v o id  o f  d e f e c t s .
F i n a l l y ,  •'dien a lu m in iu m  and c h ro m iu m  f i l m s  w e re  d e p o s i t e d  
a t  h i g h  p r e s s u r e s  t h e  f i l m s  w e re  f o u n d  t o  be n o n - re m o v a b le  
im m e d ia t e l y  a f t e r  d e p o s i t i o n  ^^h ich  seemed t o  i n d i c a t e  t h a t  
th e  o x id e  l a y e r  a t  t h e  met a l - g l a s s  i n t e r f a c e  ha d  b e e n  
fo rm e d  d u r i n g  d e p o s i t i o n  o f  th e  f i l m s .
F o r  o x y g e n - a c t i v e  m e t a l s ,  i t  w o u ld  a p p e a r  t h a t ,  
i n  g e n e r a l ,  good  a d h e s io n  o f  t h e  m e ta l  f i l m s  t o  g la s s  i s  
p o s s ib l e  when t h e r e  i s  s u f f i c i e n t  o x y g e n  p r e s e n t  t o  e n a b le  
th e  f o r m a t i o n  o f  t h e  I n t e r m e d ia t e  o x id e  l a y e r  a t  th e  
m e t a l - g l a s s  i n t e r f a c e  d u r i n g  d e p o s i t i o n  o f  th e  f i l m .  I n  
some c a se s  t h i s  may mean d e p o s i t i n g  t h e  m e t a l  a t  a p r e s s u r e  
o f  1 0 " ^  t o  1 0 “ ^  mm. Hg t h  a r e s i d u a l  gas c o n t a i n i n g  
o x y g e n .  H o w e ve r ,  a t  th e s e  p r e s s u r e s  n o t  o n l y  a re  t h e r e  
a l a r g e  num ber o f  o x y g e n  m o le c u le s  b o m b a rd in g  th e  s u b s t r a t e  
b u t  th e  mean f r e e  p a th  o f  th e  m e t a l  a tom s i s  s m a l l .  T h is  
may have  th e  o p p o s i t e  e f f e c t  o n  t h e  a d h e s io n  i n  t h a t  th e  
m e t a l  a tom s w i n  make a l a r g e  num ber o f  c o l l i s i o n s  v d t h
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th e  r e s i d u a l  gas m o le c u le s  on  t h e i r  way t o  t h e  s u b s t r a t e  and 
m ay, i n  f a c t ,  be p r e v e n te d  f r o m  r e a c h in g  th e  s u b s t r a t e .  The 
op tim um  c o n d i t i o n  w o u ld  a p p e a r  t o  be vhen  n o t  o n l y  i s  t h e r e  
s u f f i c i e n t  o xyg e n  p r e s e n t  t o  e n a b le  t h e  f o r m a t i o n  o f  an 
i n t e r m e d ia t e  o x id e  l a y e r  b u t  when t h e  s t re a m  o f  m e t a l  atoms 
i s  n o t  im p e d e d  t o  a n y  g r e a t  e x t e n t  b y  t h e  r e s i d u a l  g a s .
The low m e l t i n g  p o i n t  m e t a ls  have  a p o o r  a d h e s io n
to  a g la s s  s u r f a c e  e ve n  th o u g h  t h e i r  a f f i n i t y  f o r  o x y g e n  i s
q u i t e  s t r o n g .  The f i l m  s t r u c t u r e  a g a in  p la y e d  an im p o r t a n t
r o l e  b u t ,  i n  t h i s  c a s e ,  i n  a d i f f e r e n t  w a y .  F i lm s  o f  t h e s e
m e ta ls  do n o t  b u i l d  up  i n  th e  u s u a l  m an ne r b u t ,  a c c o r d in g  t o
57 58M c L a u c h l in ,  S e n n e t t  and S c o t t  '  , th e  im p in g in g  m e t a l
atoms condense  i n s t a n t a n e o u s l y  o n  t h e  g le n s  s u r f a c e  i n  th e  
fo rm  o f  l a r g e  c r y s t a l s  o r  a g g r e g a te s .  E l e c t r o n  m ic r o s c o p y  
showed th e s e  c r y s t a l s  and a g g re g a te s  t o  be s e p a r a te  f r o m  
one a n o th e r  and, s in c e  o n l y  a s m a l l  a re a  o f  t h e  f i l m  a t  t h e  
i n t e r f a c e  w o u ld  be i n  a c t u a l  c o n t a c t  r i t h  t h e  g la s s  s u r f a c e ,  
th e  a d h e s io n  w o u ld  t h e r e f o r e  be p o o r .
The d i f f e r e n c e  b e tw e e n  t h e  s u r f a c e s  o f  soda  g la s s  
and f u s e d  s i l i c a  i s  t h a t  th e  s u r f a c e  o f  sod a  g la s s  c o n t a in s  
l a r g e  l o o s e l y  b o u n d  a l k a l i  i o n s .  H o w e ve r , th e s e  io n s  do 
n o t  a p p e a r  t o  a f f e c t  t h e  adhe s i  on s in c e  th e  a d h e s io n  o f  m e t a l  
f i l m s  d e p o s i t e d  on b o t h  s u r fa c e s  was sho^vn t o  be i d e n t i c a l .
I t  seems t h a t  th e  m e ch a n ism  o f  a d h e s io n  i n  b o th  c a s e s  was 
t h e  same.
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The h e a ts  o f  c o n d e n s a t io n  o f  m e t a l  f i l m s  on 
c r y s t a l  fa c e s  i n d i c a t e d  t h a t  t h e s e  f i l m s  w ere  bound  t o  
th e  s u r fa c e s  b y  van  d e r  '^^aals * f o r c e s .  T h is  was f u r t h e r  
s u p p o r te d  b y  th e  p o o r  a d h e s io n  o f  th e  f i l m s  t o  th e  s u r f a c e s ,  
th e  s h e a r in g  f o r c e  r e q u i r e d  to  rem ove th e  f i l m s  b e in g  
3 X 10® t o  10 X 10® d y n e s /c m ? ,  t h a t  i s ,  t h e  same o r d e r  
o f  m a g n i tu d e  as t h e  f o r c e  r e q u i r e d  to  rem ove a g o ld  f i l m  
f r o m  a g la s s  s u r f a c e .  The a d h e s io n  o f  th e  m e ta l  f i l m s  
t o  th e  c r y s t a l  f a c e s  d i d  n o t  v a r y  ■'vith t im e  and t h e r e  was 
no  e v id e n c e  o f  any  c h e m ic a l  r e a c t i o n  o c c u r r i n g  b e tw e e n  
th e  m e ta ls  and th e  c r y s t a l  s u r f a c e s .  A c h e m ic a l  r e a c t i o n  
o r  c h e r n is o r p t io n  w o u ld  be i n f e r r e d  f r o m  th e  h ig h  v a lu e  f o r  
t h e  h e a t  o f  c o n d e n s a t io n  o b t a in e d  f o r  a lu m in iu m  o n  t h e  
( 100) f a c e  o f  N aC i b y  R hod in®  b u t  i s  n o t  s u p p o r te d  b y  th e  
above r e s u l t s .
T h e re  does a p p e a r t  o be a c h e m ic a l r e a c t io n  
b e tw e e n  a num ber o f  m e ta l f i lm s  and th e  s u r fa c e s  o f  p l a s t i c s .  
S i l v e r  f i lm s  w e re  fo u n d  t o  be a lm o s t n o n -re m o v a b le  and 
th e r e  was a ls o  s t r o n g  a d h e s io n  b e tw e e n  th e  s u r fa c e s  and 
f i lm s  o f  c o p p e r ,  z in c  and a lu m in iu m . O-rpdng t o  th e  co m p le x  
n a tu re  o f  th e  p l a s t i c  s u r fa c e s ,  i t  i s  o n ly  p o s s ib le  t o  make 
t e n t a t i v e  s u g g e s t io n s  as t o  th e  r e a c t io n s  w h ic h  ta k e  p la c e  
b e tw e e n  th e  met a l  s and t h e  p l a s t i c  s u r fa c e s .  On th e  o th e r  
h a n d , ch ro m iu m  f i l m s  h a d  a v e r y  p o o r  a d h e s io n  t o  p l a s t i c
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s u r f a c e s  and th e  s h e a r in g  f o r c e  r e q u i r e d  t o  rem ove th e s e  
f i l m s  a p p e a re d  t o  i n d i c a t e  t h a t  th e  f i l m s  w e re  bo un d  t o  
th e  s u r f a c e s  b y  v a n  d e r  ^'^.^aals* f o r c e s .
The f i l m s  i n  t h i s  i n v e s t i g a t i o n  w ere  d e p o s i t e d  
u n d e r  c o n d i t i o n s  s i m i l a r  t o  th o s e  u s e d  i n  c o m m e rc ia l  and 
l a b o r a t o r y  p r a c t i c e  end no e la b o r a t e  p r e c a u t io n s  w ere  
t a k e n .  T h e r e f o r e ,  th e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  
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MEASUREMENT OF THE 
THICKNESS OF THIN  FILMS BY 
MULTIPLE-BEAM INTERFERENCE
By C. WEAVER and P. BENJAMIN
Department of Natural Philosophy, Royal Technical 
College, Glasgow
Th e  m u ltip le -b e a m  in terference m ethod  fo r  the  m easurem ent o f  th e  th ickness o f  th in  m e ta llic  film s  developed b y  To lansky^ is now  a w e ll-estab lished 
techn ique. The f ilm , the  th ickness o f  w h ich  is to  be 
measured, is deposited on a substra te , p a r t o f  w h ich  
is covered to  g ive  a sharp edge to  the  f ilm . A n  
opaque m e ta llic  re fle c ting  laye r is then  deposited 
over the  edge o f  the  f ilm . The step in  th is  overlayer 
is m easured b y  us ing  i t  as one surface o f an  in te r ­
fe rom eter and v ie w in g  the  m u lt i p ie-beam  frin g e  
system  in  re flex ion . P rov ided  th a t  the  over la ye r 
assumes the  exact co n to u r o f  the  surface, th is  step- 
he igh t w i l l  g ive th e  th ickness o f  the  f i lm  u n d e r­
neath.
T o lansky  has g iven adequate evidence th a t s ilve r 
fu lf ils  the  necessary requ irem en ts b o th  in  its  h ig h  
re fle c t iv ity  and  its  a b i l i ty  to  con tou r the  surface. 
Some w orkers have tr ie d  m eta ls o the r th a n  s ilve r,
. us ing fringes o f  equal th ickness^’* and fringes o f 
equal ch rom a tic  order^. I n  b o th  fringe  systems the  
d isp lacem ent o f  the  fringes a t the  d is c o n tin u ity  
caused b y  the  step-edge gives the  he igh t o f  the  step 
in  the  opaque laye r. H ow ever, Avery® has show n 
th a t  the  th ickness o f a s ilve r f ilm  as measured b y  
m u ltip le -beam  in terfe rence m ay  v a ry  considerab ly  
w ith  the  m e ta l used fo r  the  overlayer. I t  was fo u n d  
th a t  the  va lue  fo r  th e  th ickness o f  a s ilve r f i lm  was 
25 per cent g reater w hen m easured using  a ch rom ium  
overlayer th a n  the  th ickness when m easured w ith  a 
s ilve r overlayer. A v e ry  exp la ined  th is  d iscrepancy 
b y  considering the  s ilve r f i lm  to  have an aggregated 
structure®. H e  suggested th a t  atom s o f s ilve r w o u ld  
enter the  in te rs tices  o f  a s ilve r f ilm  m ore easily th a n  
atom s o f  ch ro m iu m , and th a t  th is  w o u ld  lead to  a 
‘p a ck in g -in ’ effect fo r s ilve r on s ilve r b u t n o t fo r 
ch rom ium  on s ilve r. A n o th e r exp la n a tio n  fo r th is  
d iscrepancy was p u t  fo rw a rd  by  S co tt, M cL a u ch lin  
and  Sennett^. T h e y  suggested th a t  the  s tru c tu re  o f 
th e  ch rom ium  overlaye r ad jacen t to  th e  substra te  
m ig h t be less aggregated th a n  th a t  o f  the  s ilve r f i lm  .
b u t no  fu r th e r  experim ents were ca rried  o u t to  check 
th e  resu lts  o f  A v e ry .
The occurrence o f  th is  d iscrepancy was n o t con ­
firm e d  b y  Heavens®. N o  evidence o f  ‘pack ing-in* o f  
the  atom s o f the  overlayer m a te ria l in to  th e  in te r ­
stices o f  the  f i lm  was observed. T h is  disagreem ent 
m a y  be due to  the  expe rim en ta l cond itions  em ployed 
b y  each w o rke r, and  the  la ck  o f these de ta ils  in the  w o rk  
o f  A v e ry  makes com parison o f the  resu lts  ve ry  d iff ic u lt.
■ E xp e rim e n ts  have been ca rried  o u t in  th is  D e p a rt­
m e n t on the  m easurem ent o f  the  th ickness o f th in  
s ilve r film s , us ing  b o th  s ilve r and  ch ro m iu m  as the  
ove rlaye r m a te ria l. A  s tandard  expe rim en ta l p ro ­
cedure was adopted fo r the  depos ition  o f  these film s, 
w h ich  were evapora ted  on to  selected glass m ic ro ­
scope slides. F ig . 1 shows the  p o s itio n  on the  sub­
s tra te  o f  the  s ilve r f ilm  (TF), and the  ove rlaye r film s  
o f  s ilve r (X )  and ch rom ium  {Y). These three film s  
were deposited in  succession w ith o u t adm ission o f 
a ir  between evaporations. A  m echan ica l device was 
used to  arrange the  slide n o rm a lly  above each source 
in  tu rn , a t  a d istance o f 30 cm. A ssum ing a p o in t 
source, the  m a x im u m  possible v a r ia t io n  in  th ickness 
over the  w hole surface w o u ld  n o t exceed 1 per cent. 
Since the  s ilve r f i lm  is s y m m e tr ic a lly  placed w ith  
respect to  the  s ilve r source, the  thicknesses a t the  
tw o  ends shou ld  be id e n tica l, and  th is  was confirm ed 
w ith in  expe rim en ta l e rro r. The slide was cleaned 
w ith  ‘Teepol’ , hydrogen  pe rox ide  (20 vo l.) , d ried  
w ith  c o tto n  w ool, and po lished w ith  lens-cleaning 
tissue. The surface was f in a lly  cleaned e le c tr ica lly  
in vacuo. The film s  were deposited a t a pressure o f 
10**~10“ ® m m . m ercu ry . I n  v ie w  o f  its  m arked  effect 
on the  s tru c tu re  o f th in  m e ta llic  film s", the  ra te  o f 
evap o ra tion  was considered an im p o r ta n t e xp e ri­
m e n ta l cond ition . S ilve r f ilm s  were deposited a t 
evapora tion -ra tes  between 1 and  60 A./sec. a p p ro x ­
im a te ly . . In  each case the  rates o f evapo ra tion  o f the  
s ilv e r and  ch rom ium  overlayer f ilm s  were ke p t con ­




by  X  
(A .)
Thickness 
by Y  
(A .)
by Z  
(A .)
D iscrepancy 
Y - X   ^ Z -X  ,
^  X 100 ■ jjT X 100
R dte o f 
evapora­
t io n  
(A./sec.)
337 395 326 17 3 28
461 562 454 22 2 22
203 215 216 6 6 11
245 262 240 7 2 3
456 466 427 2 6 35
577 620 613 7 6 16
939 924 958 2 2 57
respective ly . The thicknesses o f  the  s ilve r film s  were 
m easured b y  m u lt ip le  -beam in terfe rence fringes o f 
equal th ickness v iew ed in  re flex ion .
The resu lts  o f  these inves tiga tions  are shown in  
Tab le  1. T hey  ind ica te  th a t  when th e  ch rom ium  
over la ye r is opaque, then  there is no d iscrepancy in  
the  th ickness o f  the  s ilve r f i lm  as measured b y  the  
tw o  d iffe re n t overlayers. H ow eve r, w hen the  
ch ro m iu m  overlaye r is n o t opaque, then  a d is ­
crepancy o f  the  ty p e  fo u n d  b y  A v e ry  occurs. The 
v a r ia t io n  o f  the  ra te  o f  evapo ra tion  o f  the  s ilve r 
f i lm  appears to  have no effect on the  resu lts . The 
f irs t  tw o  tests in  Tab le  1 are w ith  a non-opaque 
ch ro m iu m  overlayer, whereas the  re m a in in g  tests 
are w ith  opaque overlayers. The d iscrepancy in  the  
th ickness o f the  s ilve r f i lm  as m easured b y  X  and Y 
is expressed as a percentage o f  X.
Schulz and  Scheibner'^ have show n th a t  w hen a 
beam o f  l ig h t  s trikes  a m e ta l f i lm  a t n o rm a l incidence, 
the  phase change a t re flex ion  can be re la ted  to  the  
th ickness o f  th e  f ilm . T h is  phase change becomes 
constan t a t  a ce rta in  f i lm  th ickness, in  the  case o f  
s ilve r a t 500 A . I t  can be assumed th a t  there  is a 
s im ila r  th ickness fo r  ch rom ium , and fo r  film s  below  
th is  c r it ic a l th ickness the  phase change w i l l  be 
a ffected b y  the  u n d e rly in g  f i lm  or substra te . The 
d iscrepancy in  the  th ic lm ess m easurem ents w hen a 
non-opaque ch ro m iu m  la ye r is used m a y  th e n  be 
caused b y  a d ifference in  the  phase change a t 
re flex io n  on the  tw o  sides o f  the  step-edge since the  
u n d e rly in g  substances are d iffe ren t. T h a t is, the  
frin g e  d isp lacem ent a t the  step-edge w o u ld  consist 
o f  th e  d isp lacem ent due to  the  th ickness o f  the  s ilve r 
f i lm  p lus  a d isp lacem ent due to  a d ifference in  phase 
change.
T h is  p roved  to  be the  case. A n  opaque s ilve r la ye r 
{Z in  F ig . 1) was deposited on the  ch ro m iu m  o ve r­
la ye r ; w hen the  step in  th is  la ye r was measured, a 
th ickness fo r  the  s ilve r f i lm  {W) was ob ta ined  w h ich  
agreed w ith  th a t  as measured b y  the  s ilve r overlayer 
(X ), as shown b y  the  f irs t  tw o  sets o f  results. I t  is
concluded th a t  the  disappearance o f  the  d iscrepancy 
a fte r  th is  f in a l evapo ra tion  is due to  the  e lim in a tio n  
o f  the  d iffe rence in  phase change. T h is  conclusion is 
supported  b y  the  resu lts o f  tests w ith  an opaque 
ch ro m iu m  overlayer. There is then  no change in  the  
m easured th ickness va lue  when the  s ilve r la ye r (Z) is 
deposited on the  ch rom ium . The m easured h e ig h t 
o f  the  step in  th is  la ye r is in  good agreem ent w ith  
the  values g iven  b y  the  s ilve r and  ch ro m iu m  over- 
layers X  and Y,
The in ve s tig a tio n  is be ing  con tinued  to  de te rm ine  
the  c r it ic a l th ickness o f  ch rom ium  and the  v a r ia t io n  
o f phase change a t re fle x io n  w ith  th ickness.
One o f  us (P. B .) wishes to  th a n k  M e tro p o lita n  
V icke rs  E le c tr ic a l Co., L td . ,  fo r  th e  p rov is ion  o f  a 
postg radua te  scholarsh ip to  undertake  th is  w o rk .
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The T o la n s k y ^  m e th od  f o r  th e  m easurem en t o f  th e  
th ic k n e s s  o f  t h i n  f i lm s  b y  m u lt ip le - b e e m  in t e r f e r e n c e  
te c h n iq u e s  i s  now w e l l  e s t a b l is h e d .  B r i e f l y ,  th e  f i l m ,  
th e  th ic k n e s s  o f  w h ic h  i s  t o  be m e a su re d , i s  d e p o s ite d  on a 
f l a t  sm ooth  s u b s t r a t e .  The f i l m  s h o u ld  have  a s h a rp  edge 
so t h a t  a s te p  i s  fo rm e d  w hen th e  f i l m  and th e  a d ja c e n t 
s u b s t r a te  a re  c o a te d  w i t h  an opaque h ig h ly  r e f l e c t i n g  m e t a l l i c  
la y e r .  The h e ig h t  o f  t h i s  s te p  i s  m ea su re d  b y  u s in g  th e  
h ig h ly  r e f l e c t i n g  la y e r  as one s u r fa c e  o f  an in t e r f e r o m e t e r  
and v ie ^ ir ln g  th e  m u lt ip le - b e a m  f r in g e  sys te m  b y  r e f l e c t i o n .  
P ro v id e d  t h a t  th e  o v e r la y e r  assumes th e  e x a c t  c o n to u r  o f  th e  
s u r fa c e ,  t h i s  s t e p - h e ig h t  v d l l  g iv e  th e  th ic k n e s s  o f  th e  
f i l m  u n d e rn e a th .
T h e re  a re  tw o  ways i n  w h ic h  a s h a rp  edge can  be 
g iv e n  to  an e v a p o ra te d  f i lm *  P a r t  o f  th e  s u b s t r a te  can  be
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s h ie ld e d  d u r in g  th e  d e p o s i t io n  o f  th e  f i l m ,  th e  s h ie ld  b e in g  
rem oved  f o r  th e  d e p o s i t io n  o f  th e  o v e r la y e r .  A l t e r n a t i v e l y ,  
S c o t t ,  M c L a u c h la n  and S e n n e t t^  have  s u g g e s te d  t h a t  a s h a rp -e d g e d  
s te p  c o u ld  be  f o m e d  b y  g e n t ly  d ra w in g  a n o t - t o o - s h a r p  n e e d le  
a c ro s s  th e  f i l m  p r i o r  t o  th e  d e p o s i t io n  o f  th e  o v e r la y e r  so 
t h a t  th e  f i l m  i s  rem o ved , le a v in g  a c le a r  c h a n n e l. H o w e ve r, 
th e y  p o in t  o u t t h a t  c a re  m u s t be ta k e n  n o t  t o  m ar th e  s u b s t r a te ,  
i n  t h e i r  case  g la s s ,  m a r r in g  b e in g  d e te c te d  b y  th e  shape o f  
th e  f r i n g e s .
I n  th e  c o u rs e  o f  I n v e s t i g a t i n g  th e  a d h e s io n  o f  t h i n  
f i lm s  to  g la s s ^ ,  i t  was fo u n d  t h a t  s e r io u s  e r r o r s  c o u ld  be made 
i n  th e  m easurem en t o f  th e  th ic k n e s s  o f  th e  f i lm s  when th e  m e thod  
d e s c r ib e d  b y  S c o t t ,  M cL a u c h la n  and S e n n e tt  was u s e d . A num ber 
o f  m e ta ls  w e re  in v e s t ig a t e d  and i n  e a ch  case  a f i l m  o f  th e  m e ta l 
was d e p o s ite d  b y  e v a p o r a t io n  on t o  a g la s s  s u r fa c e ,  a s h a rp  
edge b e in g  g iv e n  to  each f i l m  b y  c o v e r in g  p a r t  o f  th e  s u b s t r a te  
d u r in g  d e p o s i t io n .  A num ber o f  c h a n n e ls  w ere  a ls o  made i n  
e a ch  f i l m  b y  d ra w in g  a lo a d e d  s t e e l  p o in t  o f  sm ooth  c o n to u r  
a c ro s s  th e  f i l m  s u r fa c e .  The p o in t  u s e d  i n  t h i s  i n v e s t i g a t i o n  
ha d  a t i p  r a d iu s  o f  0 .0 0 3  cm. and th e  lo a d  on th e  p o in t  was 
v a r ie d  f ro m  0 -  500 g ra in s , th e  g la s s  s u b s t r a te  te n d in g  t o  c ra c k  
a t  t h i s  u p p e r  l i m i t .  The f i l m  and th e  s u b s t r a te  w ere  th e n  
c o a te d  with an opaque s i l v e r  la y e r  and th e  f i l m  th ic k n e s s  and 
th e  d e p th s  o f  th e  c h a n n e ls  o r  s c r a tc h e s  w e re  m ea su re d  b y  v ie w in g
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th e  m u l t ip le - b e a m  in t e r f e r e n c e  f r i n g e s  o f  e q u a l th ic k n e s s  b y  
r e f l e c t i o n .  The r e s u l t s  o f  one such  s e t  o f  m ea su re m en ts  a re  
shown i n  P ig *  1 .  I n  t h i s  c a s e , th e  t h ic k n e s s  o f  a ch rom ium  
f i l m  was fo u n d  t o  be 302A b u t  th e  d e p th  o f  th e  s c ra tc h e s  made 
a t lo a d s  g r e a t e r  th a n  a b o u t 5 gram s ^ e re  a lw a y s  g r e a te r  th a n  
t h i s  v a lu e  and in c r e a s e d  w i t h  th e  lo a d  on th e  p o in t *  I t  has 
been  shown"^ t h a t  p l a s t i c  d e fo r m a t io n  o f  th e  g la s s  s u b s t r a te  
o c c u rs  v;hen a lo a d  e x c e e d in g  2 gram s i s  a p p l ie d  t o  a p o in t  o f  
t i p  r a d iu s  0 *0 0 3  cm. p r e s s in g  on  i t .  I t  was fo u n d  t h a t  th e  
lo a d  r e q u i r e d  on  th e  p o in t  to  g iv e  a c le a r  c h a n n e l de pended  
upon th e  a d h e s io n  o f  th e  m e ta l f i l m  t o  th e  g la s s  s u b s t r a te  and , 
f o r  n e a r l y  a l l  th e  f i lm s  e x a m in e d , a lo a d  g r e a t e r  th a n  2 gram s 
was r e q u i r e d  t o  g iv e  a c le a r  c h a n n e l.  T h e r e fo r e ,  d e fo r m a t io n  
o f  th e  s u b s t r a te  w o u ld  o c c u r .  V a r i a t i o n  o f  th e  t i p  r a d iu s  o f  
th e  p o in t  w o u ld  n o t  e l im in a t e  th e  d e fo r m a t io n  o f  th e  s u b s t r a te  
s in c e  i t  has  been  shown^ t h a t  when th e  r a d iu s  i s  d e c re a s e d  
p l a s t i c  d e fo r m a t io n  o c c u rs  a t even  l i g h t e r  lo a d s ,  w h e re a s , 
when th e  r a d iu s  i s  in c r e a s e d ,  a g r e a te r  lo a d  i s  r e q u i r e d  to  
g iv e  a c le a r  c h a n n e l.
S c o t t ,  M cL a u ch la n  and S e n n e tt  m e a su re d  th e  th ic k n e s s  
o f  f i lm s  o f  Ag, Au, Cu, Ai, Sb and C r .  T a b le  1 shows th e  lo a d  
on a p o in t  o f  r a d iu s  0 .0 0 3  cm. r e q u i r e d  t o  g iv e  a c le a r  c h a n n e l 
i n  f i lm s  o f  th e s e  m e ta ls  to g e th e r  w i t h  th e  d e fo r m a t io n  o f  th e  
s u b s t r a t e .  I t  can  be seen t h a t  i f  th e  d e p th  o f  th e  c h a n n e l
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was ta k e n  as th e  f i l m  th ic k n e s s  th e n  v e r y  s e r io u s  e r r o r s  c o u ld  
o c c u r ,  e s p e c ia l l y  i f  th e  f i l m  a d h e re s  s t r o n g ly  to  th e  s u b s t r a te  
and a la r g e  lo a d  i s  r e q u i r e d  t o  g iv e  a c le a r  c h a n n e l.  S c o t t ,  
M cL a u ch la n  and S e n n e tt  have s t a te d  t h a t  a c h e c k  was made b e tw ee n  
th e  f i l m  th ic k n e s s  and th e  d e p th  o f  th e  c h a n n e ls  and good 
ag ree m en t was fo u n d .  H ow eve r, i t  i s  p o s s ib le  t h a t  t h i s  che ck  
was made on  a p o o r ly  a d h e re n t f i l m  such  as s i l v e r  w here th e  
d is c re p a n c y  w o u ld  be ^ c L th in  th e  e x p e r im e n ta l e r r o r  and t h i s  
iw ou ld  a c c o u n t f o r  th e  a g re e m e n t.
I t  ca n  be seen  t h a t  e ve n  when a l i g h t  p re s s u re  i s  
a p p l ie d  t o  a p o in t  t o  g iv e  a c h a n n e l b y  W iic h  th e  th ic k n e s s  o f  
a f i l m  may be m ea su re d  s e r io u s  e r r o r s  o c c u r .  These e r r o r s  
a re  eve n  g r e a te r  when e x c e s s iv e  p re s s u re  has t o  be a p p l ie d  to  
th e  p o in t  t o  o b ta in  a c le a r  c h a n n e l i n  a f i l m  w h ic h  ad he re s  
s t r o n g ly  t o  th e  s u b s t r a t e .  I t  w o u ld  a ppe a r t h a t  t h i s  m e th o d  
o f  fo rm in g  a s h a rp  edge t o  th e  f i l m  i s  u n s a t i s f a c t o r y  and any 
m easu rem en ts  made u s in g  t h i s  te c h n iq u e  s h o u ld  be t r e a te d  w i t h  
c a u t io n .
One o f  us  ( P .B , )  w is h e s  t o  th a n k  M e t r o p o l i t a n  V ic k e r s  
E l e c t r i c a l  C o .,  L t d . ,  f o r  th e  p r o v is io n  o f  a p o s tg ra d u a te  
s c h o la r s h ip  t o  u n d e r ta k e  t h i s  w r k .
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SUMMARY
M eth od s  o f  m e a s u r in g  a d h e s io n  o f  t h i n  f i lm s  h a ve  
b e e n  c o n s id e re d  and an a n a ly s is  h a s  b e en  p re s e n te d  o f  a 
m e th o d  due to  H e a v e n s . I n  t h i s  m e th o d  a lo a d e d  s t e e l  
p o in t  o f  sm ooth  c o n to u r  was d ra w n  a c ro s s  th e  s u r fa c e  o f  
th e  f i l m ,  and th e  lo a d  r e q u i r e d  to  rem o ve  th e  f i l m  
c o m p le te ly  f ro m  th e  s u r fa c e  was ta k e n  as a r e l a t i v e  m e a su re  
o f  th e  a d h e s io n .  T h e re  hà s  b e e n  some d o u b t as t o  w h a t i s  
a c t u a l l y  m e a su re d  b y  th e  lo a d  on  th e  s t e e l  p o i n t .  H o w e ve r, 
i t  has  been  shown e x p e r im e n ta l ly  t h a t  th e  lo a d  r e q u i r e d  t o  
rem ove th e  f i l m  f r c m  th e  s u r fa c e  does  d e pe nd  u p o n  th e  
a d h e s io n  b e tw e e n  th e  f i l m  and th e  s u p p o r t in g  m e d iu m . The 
m echan ism  o f  th e  m e th o d  h a s  b e e n  e x a m in e d  t h e o r e t i c a l l y  and 
i t  h a s  b e e n  fo u n d  t h a t  an a b s o lu te  v a lu e  o f  a d h e s io n  ca n  
be c a lc u la t e d  f r o m  th e  lo a d  o n  th e  p o in t ,  th e  r a d iu s  o f  t h e  
p o in t ,  and th e  i n d e n t a t io n  h a rd n e s s  o f  th e  s u r fa c e  m a t e r i a l .  
U s in g  t h i s  m e th o d  o f  m e a s u r in g  a d h e s io n ,  th e  a d lie s io n  o f  
t h i n  m e t a l l i c  f i l m s  d e p o s ite d  b y  vacuum  te c h n iq u e s  on  to  
th e  s u r fa c e  o f  v a r io u s  m a t e r ia ls  h a s  b e e n  in v e s t ig a t e d .
The a d l ie s io n  o f  m e ta l f i l m s  t o  th e  s u r fa c e  o f  g la s  
h a s  b e en  t h o r o u g h ly  e xa m in e d  and i t  ha s  b e e n  fo u n d  t h a t  
t h e r e  a re  a num ber o f  f a c t o r s  in v o lv e d  i n  o b t a in in g  th e
maximum a d h e s io n *  I t  a p p e a rs  t h a t  th e  m e ta l atom s 
im p in g in g  on th e  g la s s  s u r fa c e  ca n  e i t h e r  be bound to  th e  
s u r fa c e  b y  v a n  d e r  ’^^ a a ls ’ f o r c e s  o r  r e a c t  c h e m ic a l ly  w i t h  
th e  s u r fa c e  t o  fo rm  an o x id e  bo nd * The n a tu r e  and p re s s u re  
o f  th e  r e s id u a l  gas d u r in g  d e p o s i t io n  o f  th e  f i l m s  end th e  
r a t e  o f  f i l m  fo r m a t io n  d e te rm in e  th e  e x te n t  o f  t h i s  r e a c t io n  
a t  t h e  m e ta l - g la s s  I n t e r f a c e *  H o w eve r, th e  r e a c t io n  b e tw e e n  
th e  m e ta l and th e  g la s s  s u r fa c e  can  c o n t in u e  f o r  some t im e  
a f t e r  d e p o s i t io n  as th e  m easurem en t o f  a d h e s io n  o v e r  a  
p e r io d  o f  t im e  h a s  sh o vn  and t h e  r a t e  and e x te n t  o f  th e  
r e a c t io n  depends u p o n  th e  s t r u c t u r e  o f  th e  f i l m s .  I t  t'TOUld 
a p p e a r t h a t  a m e ta l f i l m  h a s  i t s  maximum a d h e s io n  t o  a g la s s  
s u r fa c e  ^h e n  a c o m p le te  in te r m e d ia te  o x id e  la y e r  h a s  been  
fo rm e d  a t  t h e  m e ta l- g la s s  in t e r f a c e *  I n  some ca se s  vdien 
t h i s  o c c u r r e d  th e  f i l m s  c o u ld  n o t  be re m o ved  f ro m  th e  g la s s  
s u r fa c e .  T h is  i s  c o n f irm e d  b y  th e  b e h a v io u r  o f  m e ta l f i lm s  
d e p o s ite d  i n  v a r io u s  a tm o sp h e re s  end a t  d i f f e r e n t  p r e s s u r e s .  
The s t r u c t u r e  and e l e c t r i c a l  p r o p e r t ie s  o f  th e  f i lm s  a re  i n  
g e n e ra l ag ree m en t v d th  th e  th e o r y *
The a d lie s io n  o f  m e ta l f i lm s  to  c r y s t a l  fa c e s  ap pe a rs  
t o  be due t o  van d e r  w a a ls *  fo r c e s  a lo n e ,  b u t th e s e  f o r c e s  
c a n n o t e x p la in  th e  a d h e s io n  o f  m e ta l f i l m s  d e p o s ite d  on th e  
s u r fa c e  o f  p l a s t i c s  ^ 'h e re  a c h e m ic a l r e a c t io n  seems to  o c c u r  
i n  some o a s e s .  H o w e ve r, t h e  c o m p lic a te d  n a tu r e  o f  th e
